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EXECUTIVE OVERVIEW

I
I
I
I

I

I

In response to JohnsonSpace Center's efforts to expand NASA's long term goals

In space, the University of Texas at Austin Astronautical EngfneeMng design

classes have been concentrating their destgn efforts on a manned misston to

Mars since the SpMng of 1985. In the SpMng of 1986, the manned Mars mission

design effort branched to a prelfmtnarlj mission to Phobos which examined

pMma_ and secondary landing sites on Phobos, EVA capabilities, and a manned

Phobos rendezvous vehicle. IGS Is currently working on the large scale design

of an lndustMal Phobos base consistent with Johnson Space Center's current,

,n_er end long term objectives -- a permanent manned presence in space.

I This report contains background information on Phobos, a discussion of

i materialsavailableon Phobos which willbenefitEarth,Earth'sMoon,Mars,and
the outer planets,and the means of producing the beneficialmateMals

I mentioned. Logistical advantages of Phobos over space supply ports such as

Earth, Earth's Moon and Mars are examined as well as the unique proximity

i operations conditions which exist at the surface of Phobos. A large scale

configuration of the Phobos base along with the base's deployment sequence of

I events will be presented. Operational procedures for mining and surface

i transportation systems in the ml111-g environment of Phobos are also
discussed. In conclusion, strengths end weaknesses of each major design area

I are reviewed and recommendations are made on future Phobos project

continuations for university disciplines Including Chemical, ElectMcal,

I Mechanical,Astronauticaland Clv11Engineering.
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1.0 PROJECT INTRODUCTION

Inresponse to Johnson Space Center'seffortsto expand NASA's long term goals

in space, the University of Texas at Austin Astronautical Engineering design

classes have been concentrating theirdesign efforts on a manned mission to

Mars since the Spring of 1985. In theSpring of 1986, the manned Mars mission

design effort branched to a preliminary mission to Phobos which examined

primary and secondary landing sites on Phobos, EVA capabilities,and a manned

Phobos rendezvous vehicle.IGS is currentlyworking on the large scale design

of an industrial Phobos base consistent with Johnson Space Center's current,

near and long term objectives -- a permanent manned presence in space.

I.I PROJECT OVERVIEW

The Phobos Base Design Group consistsof a Project Manager, a Chief Engineer,

two Branch Chiefs and three project Engineers as seen in Figure 1.1. The

Project Manager controls the project administrative activities,organization

deadlines and milestones, and communications with NASA. The Chief Engineer

was appointed over the design branches for proper interactionand coordination

of the design effort. The Chief Engineer is responsible for the control of the

technical issues in the Phobos base design. The design group is divided into

two branches: Mission Operations and Base Configuration. Each design branch

has a Branch Chief who is responsible for coordinating activitieswithin the

branch.
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Sections 2.0 and 3.0 presents the final analysis of the Mission Operations

group. Section 2.0 contains background information on Phobos, a discussion of

materials availableon Phobos which will benefit Earth,Earth'sMoon, Mars, and

the outer planets, and the means of :producing the beneficial materials

mentioned. Section 3.0 discusses the logisticaladvantage of Phobos over space

supply ports such as Earth,Earth'sMoon and Mars. Section 3.0 also examines the

unique proximity operations conditionswhich exist at the surface of Phobos.

Sections 4.0 through 6.0 present the final analysis of the Base Configuration

group.Section 4.0 defines the largescale configurationof the Phobos base as

well as base deployment events sequencing.Section 5.0 discusses the regolith

mining operationalequipment and procedures.Section 6.0 examines the critical

problem of locomotion about the surface of Phobos.

Each section contains a summary of strengths and weaknesses for its

particular area of research.The report concludes with a listof recommended

Phobos project continuations for universityengineering disciplinesincluding

Chemical, Electrical, Mechanical, Astronautical, Civil and Nuclear. The

remainder of this section will present the argument for establishing an

industrialfacilityon Phobos and the groundrules for the design effort.

1.2 WHY AN INDUSTRIAL FACILITy ON PXOBOS ?

Benefits from mankind's industrializationof space have only been touched

compared to the vast potentialthe extreme edge of our imagination can define.

Through an active space program, mankind's unique and progressive ideas may

be tapped so that wild imagination may be turned into a new reality.Of course,

3



the industrialization of space must be accomplished in stages. We must first

crawl out to a permanent presence in Earth orbit,take our firststeps beyond

the immediate vicinityof Earth, walk through the solar system, and then run

rampant among the stars_but the crawling, stepping, and walking must come

first.IGS proposes to establisha permanent autonomous industrialfacilityon

Phobos as a possiblefirststep beyond the Earth.

1.2.1 INTERPLANETARY TRANSPORTATION NODE

The initialsteps into the solarsystem must be planned carefully to facilitate

future expansion through the solar system -- Phobos is ideal for this

application.Expeditions from Earth to Mars, Jupiter, Saturn and beyond need

carry only enough supplies to reach the low gravity environment of-Phobos,

where supplies such as oxygen, hydrogen, and possibly food could be readily

available.Either outbound from Earth or inbound to Earth, Phobos is a crucial

node for an interplanetarytransportationsystem free from complications such

as atmospheric entry or deep gravitywell entry and escape.

1.2.2 EARTH/MARS PROXIMITY MISSION SUPPORT

The delta-V similaritiesbetween Earth-based missions to the Moon and LEO

and Phobos-based missions to the Moon and LEO suggest the possibilityof an

Earth independent Moon base and a high altitude Earth space station. A

carbonaceous chondrite body with the same mass as Phobos is ultimately

capable of producing 72 cubic miles of H20 -- a single cubic mile of water

could conceivablysupport oxygen/hydrogen fuelrequirements for the next 40 to

50 years in space. Oxygen and hydrogen are not the only benefits of

carbonaceous chondrite bodies; aluminum, magnesium, silicon,iron,and nickel

4
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are other resource benefits.With such resources readily available,a Phobos

base could produce an unlimited amount of mechanical goods such as materiel

fibers, glass, silicon chips, ceramics, magnets and space truss elements to

support alltypes of space activities.

An extensive industrialfacilityon Phobos could support the colonization of

Mars and the Moon with only periodic,short duration manned support. An

autonomous industrialbase on Phobos with a manned support capabilitycould

solve the supply problems associated with mankind's initialsteps beyond Earth.

1.3 DESIGN FOCUS

For any design effort, the problems to be solved must be defined before

reasonable solutions to the problems can be developed. The design efforts of

the Phobos base design team are focussed on defining problems unique to a

milli-g,high vacuum environment and presenting solutions to those problems.

The Phobos base design concept presented in this report will cover the

following areas:

- materials processing and production;

- proximity operationsabout Phobos;

- macroscopic scale base configuration;

- mining procedures;and

- surface locomotion.

1.4 ASSUMPTIONS AND GROUND RULES

A set of assumptions and ground rules has been established to define the

boundaries of the Phobos base designeffort.The assumptions and ground rules

5
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presented in thissection apply to the specificareas of the design focus.

1.4.1 POWER SUPPLY

Texas A & M's Spring 1986 design team designed a 50 megawatt nuclear power

plant with approximately 5 megawatts net power output.The baseline power

production capabilityof the Phobos base will be based on this TAMU design.

This power supply will be the main power supply for established mining and

materials processing activities.The initialbase deployment will require a

separate, smaller power facility.

1.4.2 AIRLOCK

The University of Texas Mechanical

minimum volume airlock with a one

Phobos Base manned modules.

Engineering Department is designing a

person capacity to interface with the

1.4.3 PRECURSORY MISSION TO PHOBOS

IGS assumes a precursory mission will reveal Phobos as a Type Icarbonaceous

chondrite asteroidwith a 20% by mass composition of water and will confirm

Stickney Crater as the primary Phobos landing site.The surface conditions of

Stickney Crater will be assumed to be solid rock covered by as much as 200

meters of regolith.

1.4.4 TRANSPORTATION TO MARS

Phobos base transportation from Earth to Phobos, as a whole unit or in

sections, is beyond the scope of this design project.Base deployment analysis

will begin at the surface of Phobos.The Base will have a manned capabilityfor

6
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transport, but manned support (at Phobos) may not be necessary. Propulsion and

control systems for orbital transfers are also beyond the scope of this report.

1.4.5 LIFE SUPPORT SYSTEM

The current space station habitation module will be used as a baseline for the

Phobos base habitat and laboratory modules sizing requirements. Life support

system analysis is beyond the scope of this report.

!.4.6 VEHICLE MASS ESTIMATES

For the delta-V analysis in Sectio 3.0, the following fuel (which will be

transported in the form of water) and structural masses will be assumed for

Phobos support missions:

a) 200,000 kg transport mass for supply missions;

b) 1,000 kg transport mass for exploration missions;

c) tO00 metric tons of fuel and water for LEO operations per gear.

1.5 GENERAL REQUIREMENTS

This sections descMbes the general requirements that have been defined for a

Phobos industMal base.

1.5.1 AUTONOMOUS OPERATIONS

Although the Phobos base will have the capability to support a six man crew,

the base will not require fun-time manned support. Surface mining and

materials processing operations will be fully autonomous to allow Earth/Mars

independence or to allow a potential crew to conduct scientific and exploratory

missions.

7



1.5.2 MODULARITY / EXPANDABILITY / RELOCATABILITY

The Phobos base design will be modeled as an industrialproduction facility,but

the baseline configurationwill be readilyexpandable to any type of large scale

mission because of the modularity of the system components (i.e.processing,

power, habitation,etc.).The Phobos base will also have the capability of

expanding and/or relocatingitsmining operations.

1.5.3 ENTIRE BASE DEPLOYS AS A SINGLE ENTITY

The Phobos base will be assembled as a singleentity possessing orbittransfer,

surface deployment and production initializationsystems to eliminate the need

for multiple Phobos rendezvous. This requirement may be relaxed to allow the

main power supplyto arrive at Phobos prior to the main body of the base. One

or two vehicledeployment will depend on crew safety, power plant size, and

power plant mass.

1.5.4 MINIMAL MANNED SUPPORT FOR BASE DEPLOYMENT

Base deployment and initializationon the surface of Phobos will be targetted

for strictly autonomous operations.A concurrent colonizationof Mars would

allow remote monitoring of Phobos operations from the surface of Mars

1.5.5 EVA CAPABILITY

The Phobos base will be able to support manned and unmanned EVAs on and

above the surface of Phobos for maintenance, exploratory, and mining

operations.

8
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1.5.6 MATERIALS PRODUCTION FOR MISSION SUPPORT

The Phobos base will have a maximum capability of producing

hydrogen/oxygen fuel to support the followingmissions every year:

a) 1 largescale mission to outerplanets ;

b) 12 supply missions to a Mars proximity space station ;

c) 6 supply missions to the surface of Mars;

d) I supply mission to an Earth proximity space station;and

e) I supply mission to the Moon.

enough

The number of supportable missions will depend on processing rate, volume,

and storage capabilities.

9



2.0 RESOURCE PROCESSIN6

This section will describe the physical aspects of Phobos, includingits size,

orbit about Mars, and its composition and possible resources. The resources

will then be evaluated,and possible processing techniques will be explored.

Finally,storage facilitieswill be brieflyoutlined.

2.! CHARACTERISTICS OF PHOBOS

As seen in Figure 2.1I, Phobos (one of the two moons of Mars) is 27kin long,

21.4km wide, and 19.2km high (Table 2.1).Stickney crater,which is on the end

of Phobos facing Mars, is approximately 10kin in diameter. Table 2.12 shows

Phobos is in a low, almost circularorbitabout Mars, with the semi-major axis

equal to 9378 km and the eccentricity of the orbit only 0.015. In addition,

Phobos revolves almost over the equator of Mars with an inclinationof 1.02

degrees,and with a siderealperiod of 7 hours 39 minutes 13.85 seconds.

Phobos has low surface gravity which makes it easily accessible to transport

to and from the surface. The gravity is only Icm sec-2, which is one-one

thousandth that of Earth. Phobos' density is approximately 2.0g cm -3, and its

mass is estimated to be 9.8 x 1015 kg. Because of its low albedo ( itsalbedo is

0.05: that of Earth'smoon is.1I)and its low density,Phobos is assumed to be

an asteroid that was captured by Mars. The spectrum of Phobos' reflectivity

shows that it is similar in composition to a type I carbonaceous chondrite

asteroid,which supports the captured asteroid theory.
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TABLE 2.1 - Dimensions and Orbital Elements of Phobos

Orbital Elements

eSemi-majoraxis........................................9378krn (2.76 RMar_

eEccentricity.................................................0.015

elnclination(Dog)........................................1.02

iSiderealPeriod...........................................7h39m 13.85s

Physical Parameters

oLongestaxis.................................................. 27km

elntermediateaxis.......................................21.4km

eShortestaxis................................................19,2krn

eRotation..........................................................Synchronous

iDensJty............................................................ 2.0g cm"l 8
oMass..................................................................9.8x I0 g

oAlbedo..............................................................0.05

oSurfacegravity...........................................1om sec'-

2.1.1 COMPOSITION OF A TYPE 1 CARBONACEOUS CHONDRITE

The composition of the type Ichondrite meteorites which have been analyzed on

Earth is presented in Table 2.2.3 It can be seen that there is an abundance of

SiO 2 and H20, in addition to other silicates ( MgO, FeO) assumed to be present

in Phobos.

2.1.2 SURFACE FEATURES

Photometric, polarimetric and radiometric data suggest the surface of Phobos

is covered by a deep layer of regolith (weathered rock and sand) which was

most likely created by surface weathering and impacts. The cohesion of the

regolith (104 dyne/cm 2) is lower than that of Phobos as a whole (106

dyne/cm 2) which indicates a solid interior lies beneath the regolith. 4 Many of

the crater walls display layering, and measurements of those layers suggest

regolith thicknesses from 10-200 meters within Stickney crater S
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FIGURE 2.2 - Surface Features of Phobos
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TABLE2.2 - Element Composition of Type I - CarbonaceousChondrite

ELEMENT PERCENTA6E BY WEIGHT

s_o2 23.00
Tio2 o.oe
AI202 1.77

Cr203 0,28

FeO 10.32

MnO 0.19

MgO 15.56
CaO 1.51

NiO 1.17

Na20 0.76

K20 0 07

P205 0.27

H20 20.54

Fe 0.11

Ni 0.02
FeS 16,88

C 3.62

Others 3.77

The most unusual surface features of Phobos are (I) the elongated rill-like

depressions associated with the crater Stickney,(2) the chains and clusters of

irregularelonated craters,and (3) the parallellinearstriationsor grooves of

uncertain origin.6

The elongated rill-like depressions can be seen in Figure 2.1. These

depressions or troughs originate at Stickney crater and eminate outwards,

which suggests the troughs are actually fractures created by the severe

metorite impact which formed Stickney crater.

The chains of irregularelongated craters are shown inFigure 2.2.7 These chains

consist of craters 50-200m across, which sometimes cluster into the
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'herringbone'pattern characteristicof secondary ejecta. These crater chains

are not randomly oriented,but seem to run parallelto Phobos' orbitalplane. It

is possible that these craters are secondaries which were produced by clumps

of ejecta which originally were thrown out at slightly more than the escape

velocity of Phobos, went into orbit about Mars, and subsequently reimpacted

the surface. 8

The linearstriationsor grooves can alsobe seen inFigure 2.2. These striations

are typically 120-200m wide and can be followed individuallyfor more than 5

km. They occur inat leasttwo sets which are not exactly parallelbut which do

not cross each other. The question remains whether these stiationsare more

properly gouges or cracks, and they appear to liein small circlesperpendicular

to the Mars-Phobos direction. It has been proposed that these striationsare

either: representations of the layering in Phobos, rows of small impact

craters, or cracks resulting from tensionalstresses. These stesses would be

from the stong gravitationalpull of Mars, possibly initiatedby the impact

which caused Stickney crater,g

2.2 VALUE OF RESOURCES

Of the elements assumed to compose Phobos, many would be important when

processed into water, propellants, and other materials. These materials would

then have applications in Interplanetary travel, Mars exploration, base

construction, or Earth uses.

For the base on Phobos to be used as a transportationnode for inter-planetary

travel,the production of water and propellantswould be important. Because of

13



the abundance of water on Phobos, a base for water supply could be very

valuable and economical. In addition, the water could be processed with

electrolysis or thermochemical reactions to yield the propellants, LH2 and LO2.

These propellants, however, would only be produced for immediate use since

their highly reactive and explosive natures make them difficult to store safely.

CH4, Methane, is another propellant which is less reactive and more stable than

LO2 or LH2, but it yields a lower specific thrust. Methane could also be

considered for fuel productlon

For the Phobos base to be economically valuable for Earth supply, silicon

seml-conductors could be produced with h_gher preclsion and lower cost than

on Earth. Indeed, Phobos'abundanceof silicon and low gravity make it ideal for

this appllcation. Also of use on Earth and in space are ceramlc magnets

(MgFe204). Ceramic magnets have a wide variety of uses in communications

for antennae, cassett tapes, deflection transformers in monitor screens, and

computer disks,io

For use in the Phobos base and in other space structures, Phobos has many

material capabilities. The production of iron and Magnesium is feasible as

outlined in Section 2.3. Other possible building materials are ceramics, glass

and fiberglass which are processed from AI203, MgO,SiO2, Na20, and CaO. With

the exceptions of Na20 and CaO,the other elements are found in abundanceon

Phobos. Unfortunately, the manufacture of metals and metal alloys is less

feasible since only trace amounts exist of the pure metals. In regolith,most

14
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metals eventually become oxidized and so are more difficult(and costly) to

extract from theiroxidized forms.

2.3 PROCESSING

As stated earlier, Phobos's composition is theorized to be of type I

carbonaceous chondrite. This suggests that up to 20% of Phobos iswater. This

water, besides itself being important, can be broken down into cryogenic

propellants (LO21LH2) and methane. Storage of this water, the extraction of

iron and magnesium, and other possible products will be discussed in this

section.

2.3.1 WATER AND FUEL PRODUCTION

Figure 2.3 presents a processing chart for water and fuel production. The

process starts with the mined chondrite entering a crusher which physically

breaks down the mined regolithso that magnetic separation and transport is

easier.The transportof the crushed chondrlteto other stages of the process is

provided by gas dynamic blowers which need only small pressures, about one

mllIibar, and a carrier gas, such as coarbon dioxide, to move the chondrite

particles.Thus, the regolith is transported from the crusher to a magnetic

separator which separates out the ferrouscompounds (mostly FeO and FeS) and

then sends the non-magnetic compounds to the Oven. The Oven utilizesthe

electricalpower from the nuclear reactor to heat up the non-ferrous regollth

to approximately 700"C causing the chondriteto release water vapor. However,

other gases such as sulfur dioxide,hydrogen sulfide, carbon monoxide, carbon

dioxide, and methane will also be released. Therefore, condensers are

needed to separate the water vapor from the carbon compound gases. The

15
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FIGURE 2.3 Water and Fuel Production

condensed water will still contain amounts of dissolved H2S, and SO2 which

will be filtered out by an activated carbon bed filter -- two filters will be

required, one in operation, the other in a regeneration cycle. The water, now

purified, can be placed in storage. An electrolysis unit can then be used to

produce L02, and LH2, as needed. The unit would use the chemical equation (y Is

any real number in the equation): ii

(3 + 4.5y) H20 + e = (3 + 4.5y) H2 + (1.5 + 2.35y) 02

With water available, methane can also be produced as a fuel. The carbon

dioxide can be isolated from the volatile gases that will be realeased by the
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Oven by a condenser which uses the distinctvapor point of the gas. A system

devised by Ash, Dowler, and Varsi (Ash, etal. 1978) will then combine the

liquifiedgas with water using the followingreaction:

C02 + 2H20 -> CH4 + 20

Methane should be valuable to a Lunar base because of the scarcity of hydrogen

on the Moon. Transporting methane instead of water to the Moon would be more

economical because the oxygen that is in water would be needlessly

transported because oxygen is reatively plentiful there.

2.3.2 POWER AND MASS ESTIMATES

An estimate for power consumption for the water extraction plant was placed

near one megawatt. This was based on an estimated 387 kilowatts for the Oven

to bring the regolith up to 700"C and about 200 kilowatts for electrolysis. The

other 400 kilowatts will needed for blowers,magnetic separator, etc. A mass

of 70 metric tons for the plant is also based on a similar plant which produced

600 metric tons of water, i2 More detailed study on the components of the

process flow chart are needed in order to produce more precise estimates.

The Phobos mining system can mine 250 mtons of regolitha day that will be

transported to the processing system. Several assumptions were made for the

efficiency of the processing system at reducing the regolith to its primary

compounds: water production will be 50% efficient; electrolysiswill be 65%

efficient;and all other processing will be 50% efficient. Table 2.3 lists

recoverable mass using these efficiencyassumptions.

17



TABLE2.3 - OneDay's RecoverableMass From 250 mtonslday of Regolith

Compound 103 kg

SiO2 28.85

TiO 2 O. I 0

FeO 12.90

MgO 19.45

Fe 0.13

Ni 0.025

FeS 2 I.10

C 4.53

H20 25.68

or"

- H2 1.85

- 02 14.83

Since the volume of regolithin Stickney Crater is 0.785 km 3,the density of the

regolithis 200 kg/m 3, and the mining rate is 250 x 103 kg/day, then itwould

take 1,721 years to mine out Stickney Crater. So a Phobos base would be in

production fora long time

23.3 STORAGE

Water production necessitates water storage; storage for cryogenics is also

necessary. The most cost effective solution to this requirement is to use the

empty fuel tanks from the orbital maneuvering system as storage vessels.

These could accomodate short term LO2 and LH2 storage and some of the long

term water storage needs. However, additionalstorage for water will stillbe

necessary.
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Figure 2.4 presents a solutionto theadditionalstorage problem as a inflatable

balloon structure. The balloon is forced down into the regolith and then

inflated.Vibration can be used to aidin the effortof forcing the balloon down

through the use of a shaker system. The inflationcontinues untilthe desired

volume is reached. Then a nozzle isinsertedwhich sprays a stiffeningcement

coating on the insideto give the balloona permanent structure. This structure

is then checked for leaks and sealed so that the structure is gas tight. This

structure should provide easily deployable and adequate storage vessels for

water.

BURY MODULE

REeOLITHi

iii'

BALLOON

::il

FIGURE 2.4 - InflatableBalloon Storage Structure
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214 IRON EXTRACTION

Ferrous compounds (FeO and FeS) are relatively plentiful on Phobos. Figure 2.5

shows how iron could be extracted from at least one of these compounds (FeO).

The compounds should be easily obtained by a magnetic separator which the

regollth is run through prior to water extraction. Silicon will reduce FeO into

iron at 1300"C according to equation: 13

2FeO + SI -> 2Fe + SlO2 (1)

This reaction requires pure silicon which is not present on Phobos. There are

as stated before, plentiful quantities of silicon dioxide. Silicon dioxide can be

reduced to silicon at 2300"C by reaction: 14

5i02 + 2C -> Si + 2C0 (2)

Pure carbon is required for the above reaction. Phobos's composition should be

approximately 3% carbon. However, the simplest method of isolating this

carbon would be to reduce one of its gaseous compounds which will be released

with water vapor in the Oven of water extraction. The below reaction

demonstates how carbon monoxide can be reduced to pure carbon: 15

8.65 CO +nH 2 = (intermediates) = 8.65C + (n - 8.65)H 2 + 8.65 H20 (3)

Carbon monxide can be isolated in the same manner as carbon dioxide by use of

a condenser which takes advantage of carbon monoxide's unique vapor point.

More detailed analysis is needed to complete the iron extraction process.

Studies of thisand possible steel manufacture are recommended. This process

outlinewas presented to demonstrate that iron can be extracted from Phobos

substances.
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WA'I'ER EXTRACTIONII. ' IRONEXTRACTION,,_
[ HAGNETIC_ FeO v_l) _ Fe + Si02

H_:Cco02.I _iCONDENSEI_---'-_ CO_ _

L02 _ /- (31 B.65 CO+n H2 -_ 8.65C + (n-6 .65)H2 * 8.65H20

FIGURE 2.5 - IronExtraction Flow Chart

2.3.5 MAGNESIUM EXTRACTON

Phobos should contain an ample amount of magnesium oxide which can be

reduced to pure magnesium. The process would involve heating magnesium

oxide, silicon, and calcium oxide to 1200"C to produce vaporized magnesium

and solid Ca2$iO 4. The magnesium vapor is then liquified by a condenser and

then poured into molds to form magnesium ingots. The problem of this method

is that the quantity of calcium oxide is relatively scarce on Phobos. Glass

production, discusseded later, will take all the available calcium oxide,
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Another method which requires a higher temperature (2300"C) uses the

following reaction:i6

MgO + C -> Mg ÷ CO

The advantage to this method is that carbon Is more plentifulthan calcium

oxide which is required in the first method. This method does require more

energy because of itshigher temperature but the nuclear reactor should provide

an ample amount of energy so that this wil not be a problem. Therefore,this

carbon method will be the prefered method. The detailsof this method requires

additionalstudy and it issuggested that specificsystem be developed.

2.3.6 OTHER PRODUCTS

What other production possiblitiesexist on Phobos? Table 2.2 shows that

silicondioxideshould be 22.6% of Phobos composition. Therefore, glass could

be produced since 72% of its composition is silicon dioxide. The other

compounds that make up the other 28% are also present on Phobos but not in

large quantities. Calcium oxide and sodium oxide make up 1.22% and 0.74% of

Phobos respectively. However, some small scale production of glass should be

possible using entirely Phobos substance. Research is required to determine

specificsystem to produce glass.

The carbon gases (CO, CO2, CH 4) that are released during the water extraction

process can be processed intoethylene (C2 H4).Ethylene is the buildingblock of

polymers.

If glass and polymers can be produced then their composite, fiberglass,can

also be produced. Fiberglasscan be useful as a structure material.
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As stated eariler,magnesium ferritewill be produciblefrom the vast supplies

of FeO and MgO that should be present on Phobos. This magnetic compound is

used to make transformers in the communication industry. Another item that

might be produced on Phobos is the semiconductor which ismade from silicon.

The extremely low gravity of Phobos is a advandage when manufacturing the

seimconductor chip. Other ceramics also might be manufactured from the vast

amount of these compounds present (SI02,A12 03, MgO, etc.).

2.3.7 STRENGTHS AND WEAKNESSES

The strength of this section lies in its definitionof the materials production

capabilitiesof a Phobos industrialbase.The weaknesses of the section include

processing waste management, processed materials storage facilities,power

requirements, and a lack of detailedproductionprocesses.
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3.0 ORBITAL MECHANICS

This section includes the aspects of orbital mechanics which must be

considered if Phobos is to be presented as a space supply and transportation

depot. These aspects include transfer delta Vs and Phobos surface

accelerations. The transfer delta Vs are between various points in the Solar

System and Phobos, and they show that Phobos will indeed be a good supply

base and exploration node. These delta Vs combined with vehicle mass

estimates also set fuel requirements for possible missions that can be based

from Phobos. Finally,accelerationswhich will influencesurface transportation

on and around the Phobos surface are presented.

3.1 SMALL GRAVITY WELL

A Phobos Base would be a good transportationnode because Phobos has such a

small gravity well. Table 3.1, obtained from Ref. 3.1, shows the relative

magnitudes of the escape energies of several locations in the Earth and Mars

systems. The value labeled "Mars system (near Phobos)" is the value that is

important for escaping from Phobos to interplanetarytargets.Since the Phobos

value is much smaller than the escape energies from the Earth surface, Mars

surface, and even the Lunar surface, it will take the least delta V to escape

from Phobos. Thus, as will be illustratedin Section 3.2,it ismore efficientto

refuel for planetary missions at Phobos than from a LEOSS (Low Earth Orbit

Space Station,LMOSS (Low Mars Orbit Space Station),or a Lunar base.
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TABLE 3.I - Grav|ty Wells in Earth and Mars Systems

LOCATI ON

EARTH SURFACE

(ESCAPE VELOCITY**) 2

(KM/SEC) 2

I00

MARS SURFACE

LUNAR SURFACE

MARS SYSTEM (NEAR PHOBOS)

50

I0

CA,.qEFORMARS!1, "PhobosandI)iernosasResourceandExplorationCenters"
.t kl_roxin_ rakes from •

3.2 TRANSPORTATION NODF

Phobos would be a good transportation node and supply base because it has

many resources and is very accessible from both inner planets and outer

planets due to the small gravity well. This section compares the delta Vs

starting from Phobos to the delta Vs starting from other possible starting

sites.
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3.2.1 COMPUTATIONASSUMPTIONS

Table 3.2 outlinesthe delta Vs that were computed from possible origins to

possible customer and exploration sites. The delta Vs starting from all the

planets were computed assuming the vehicle start from a 160 Nmi altitude,

circularorbit about the planet. Similarly, the delta Vs going to all planets

were computed assuming the vehicle finishes in a 160 Nmi. altitude,circular

orbit about the planet. The delta Vs for a LEOSS assumed that it was in a 250

Nmi altitude,circular orbit. The delta Vs for an LMOSS were computed

assuming the LMOSS was in a circularorbit with an altitude to planet radius

ratio equal to the altitudeto planet radius ratio for a LEOSS in a 250 Nmi

altitude,circularorbit.

The interplanetarydelta V values in Table 3.2 were calculated from a patched

conic analysis. The patched conic program used to make the calculationsand

the generated output is listed among the sample calculations in Appendix A.

The analysis used assumed that allthe bodies were coplanar,point masses in

circularorbits.Inaddition,alltransferswere 180°.

The delta V values in Table 3.2 that involve orbit transfers about one planet

were computed using a generic Hohmann transfer analysis. The orbits were

assumed to be circularand coplanar,and the bodies were assumed to be point

masses. The Hohmann transfer program used to generate this data is listed

among the sample calculationsin Appendix A.
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3.2.2 SUPPLY BASE

Table 3.2 shows Phobos has relativelysmall delta Vs compared to the other

possible origins. Itdoes take more delta V to go from Phobos to a LEOSS than

from a Lunar base to a LEOSS. Phobos can stillbe a good supply source for both

a LEOSS and a Lunar Base because there is very littlehydrogen on the Moon. In

addition, Phobos could be a back up supply source of water, hydrogen, and

oxygen for a LEOSS and Lunar Base ifthe Lunar Base production facilitieswere

closed down for some reason.

3.2.3 EXPLORATION BASE

Brian O'Leary, who is one of the foremost scientists supporting the Mars

colonizationeffort,says "that Phobos is currentlythe most accessible known

natural object in the solar system." (Ref.3.2) Accessibilityis a key asset for

a transportationnode. The delta V comparison matrix,Table 3.2,supports this

idea of accessibilitysince it shows that the explorationdelta Vs from Phobos

to exploration sites are smaller than most of the other possible supply bases.

The delta Vs to outer planets which appear slightlymore efficient than the

Phobos delta Vs are those from a LMOSS and those from a Mars orbit. However,

these delta Vs are only slightlymore efficient. This is because it is more

efficientto do a delta V in a lower orbit than a higher orbit due to the net

change in energy. The same delta V will increase energy more if added to a

large velocity (low orbit) than if added to a small velocity (high orbit).

However, a vehicle starting from eitherof the LMOSS or Mars orbits must be

supplied from Phobos or the Martian surface, so the net deltaVs of the LMOSS

and Mars orbit are not as small as indicatedby Table 3.2. Therefore, Phobos

does have the smallest transfer deltaVs compared to the other possible supply

27



bases. This is illustrated in section 3.3.

I

I
I
I

Phobos also has a natural advantage over Earth vicinity bases and space •

stations because Phobos is so much closer to the outer planets. The closer I

the base is to the exploration site the easter control of operation will be,

the more reliable communications will be, and the larger exploration I

vehicles can be due to refueling capability.

From Table 3.2 it may be noted that less delta V is needed to go to Saturn

than to Jupiter. This is a result of the fixed 160 Nmi. target altitudes

about the planets and the much larger gravitationalattraction of Jupiter.

(For Jupiter itis difficultto define the surface,so operations may not be

possible at thatlow altitude.Planetary data was obtained from ref.3.3.)

I
I

I
I

I
3.3 PHODOS EFFICIENCY

Table 3.3 shows the delta Vs for different transportation scenaMos. These

scenaMos illustrate the combined results of Phobos' low gravity well and

small delta Vs. The delta Vs are from places that have or may have the

facilities to initiate a supply or exploration mission. The table shows

that Phobos, wlth two exceptions, is the most efficient place to base

missions of ali types. The Lunar Base still has the lowest delta V to a

LEOSS, and the Mars surface has a lower delta V to an LMOSS. However,

these differences are very small and may be negligible depending on what

supplies are needed and how available they are on the Moon and Mare. The

calculations were made by adding a gravity well delta V term to the delta

Vs in Table ;3.2. The computations for Table 3.;3 are in Appendix A.
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3.4 PROXIMITY ACCELERATION_C;

Proximity accelerations will directly effect the types and modes of

transportation which are practicalon the Phobos surface. Accelerations were

calculated using both a three-body analysis and a two-body analysis.

3.4.1 THREE-BODY ANALYSIS

The three-body analysis was used to determine accelerations at the Phobos

surface and at points up to 10 kin.altitude above the surface model. The

accelerations on the surface of Phobos were generated using a point mass

within an ellipsoidsurface model, Fig.3.1, to compute radial distances from

the center of mass of Phobos. Mars and Phobos were the primary bodies

considered, and they were assumed to be point masses. The orbit of Phobos

about Mars was assumed to be circular.

3.4.1.I Surface Acceleration

The surface acceleration vectors were

coordinate system illustratedin Fig.3.1.

generated in the Phobos centered

In each of the planes illustratedin

Fig.3.2,points on the ellipsoidsurface were chosen. At each point chosen, the

position vector from the point to thecenter of Phobos was computed, and the

acceleration vectors relativeto the Phobos coordinate system were computed.

The acceleration program used to generate this data may be found listedwith

the sample calculationsin Appendix A.The program's output is listedafter the

program in the Appendix and consists of the resulting position vectors,

accelerationvectors,and accelerationvector magnitude.
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3.4.1.2 Normal and Tangential Acceleration Components

The normal and tangentialaccelerations at altitudesabove the Phobos surface

were computed along each of the axes defined in Fig.3.1. Fig 3.3.is a plot of

the magnitude of the normal acceleration component towards the center of

i

I

I
phobos versus altitudeabove the ellipsoidsurface model. Positive acceleration

is toward the center of Phobos, and negative acceleration is away from the

center of Phobos. The accelerationcomponents for the Plus-Y, Minus-Y, Plus-Z,

and Minus-Z axes are allthe same for the three body solution as shown in Fig.

3.3. The Plus-X and Minus-X acceleration components for the three body

solutionare slightlydifferent,but due to the resolutionof the plot they appear

the same. Fig. 3.4 is plot of the tangential accelerations versus radial

distance. The Plus-Y, Minus-y, Plus-Z, and Minus-Z are on the same line. The

tangentialaccelerationalong the X-axis is zero. The program used to generate

this data and the resulting output may be found listed with the sample

calculations in Appendix A. The resulting output consists of the position

vectors,the accelerationvectors,the magnitude of the accelerationvector,and

the normal and tangentialaccelerationcomponents with respect to Phobos.

3.4.1.3

The escape velocity of Stickney Crater was calculated using the computed

normal accelerationat 13.5 kin.radiuson the plus-X-axis from the three-body

solution. From this acceleration, an equivalent gravitational constant for

Phobos was deMved. This equivalent gravitationalconstant was then used to

calculate the escape velocity to be 9.8407 m/sec. The two-body escape

velocity using the actual mass of Phobos from Table 2.1 was calculated to be

9.8421 m/sec. This difference shows that Mars does have a small effect on

Escape Velocity I

I

I

i

I
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I
I escape velocity.The escape velocitycalculationsare listedin Appendix A.
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FIGURE 3.1 - Coordinate System for EllipsoidSurface Model
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FIGURE 3.2 - AccelerationGradient Planes
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:3.4.2 TWO-BODY ANALYSIS

The two-body problem was studied with Phobos as the primer 9 body. This

analysls computed the accelerations at dtfferont red]l. The radius ranged from

the srnallest radius on the surface ellipsoid model (9.6 kin) to l Okra above the

largest radius rhode1(23.5 kin). FIg. 3.3 Includes a plot of the magnitude of the

two-body acceleration component towards the center of phobos versus radius.

The two-body program and rssultlng output may be found in Appendix A. The

output conststs of the position vector and the magnitude of the acceleration

vector.

3.4.3 TWO-BODY AND THREE-BODY COMPARISON

The comparison of the two-bod,q solution and the three-body solution shows

that Hers has a definite effect on Phobosaccelerstfons. FIg. 3.3 shows that In

the three-body solution Hers not only decreases the normal accelerstfon

component but also reverses the acceleret!on vector away from Phobos at about

18.5 km radlus along the X-axis. The two-body solution Is alwaus positive and

approaches zero as radius Increases.

In the Plus-X direction (towards Mars) two factors cause the change In

direction of the acceleration vector. One factor Is the gravitational pull of

Mars Itself. The other factor ls centripetal acceleration. The only potnt on the

X-axis that Is moving at the circular velocity for Its radius from Hers Is the

orJgtn of the coordinate system at the center of Phobos. On the Plus-X axis, the

points are moving slower then circular velocity about Hers at thelr respective

radius from Hare, so the points tend to drop towards Hers (away from Phobos).
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In the Minus-X direction (away from Mars), only the centripetalacceleration

causes the accelerationvector to change directions.Points on the Minus-X axis

are moving faster than circular velocity about Mars, so the points tend to

travel away from Mars (away from Phobos).

The gravitationalpull of Mars can be positive or negative with respect to

Phobos depending on which side of the X-axis the point of concern is on. This

causes the accelerationsto vary with radialdistance along the X-axis. These

differences aretoo small to be seen on Fig.3.3,but the differencesmay be seen

in the output listedin Appendix A following the three-body axes program.

The other difference that Mars' gravitationalfield makes is the tangential

acceleration component. The two body solution only indicates a normal

acceleration vector directed at the center of Phobos. The three-body solution

shows that there is a tangential acceleration component except along the

X-axis. This tangentialcomponent is very small, about 700 times smaller than

the normal component at the greatest radius solved for.

3.5 FUEL REQUIREMENTS

The amount of fuel per trip was determined for each transfer delta V in Table

3.4. These fuel usage estimates were used to make sure that the production

rate requirements set by the production and mining groups were realistic.

The vehicle payload mass for supply missions was estimated to be 200,000 Kg.,

and the vehicle payload mass for exploration missions was estimated to be

1,000 Kg. The two delta V programs in Appendix A, include a specific impulse
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algorithm that computes how much liquidhydrogen and liquidoxygen that each

delta V will require for the respective vehicle mass (Isp=360 sec for liquid

hydrogen and liquidoxygen). The results of the fuel usage computations are

presented in Table 3.4. The program output is listed with the delta Vs

following the program. The algorithm and Isp value were obtained from Ref.

3.4.

The amount of fuel per year required to fulfillall the missions listed in

Section 1.5.6is 2154 mt which is less than the projected yearly production of

5402 mtlyear. This projected production was obtained using an oxidizer to

fuel ratio of 7, from Ref.4, and the production estimates from Table 2.4. The

calculationsare listedin Appendix A.

3.6 WEAKNESSES OF ANALYSIS - POINT MASSES

All computations assumed that the orbitingbodies were point masses.

error incurredby thisassumption is negligiblefor the orbitaltransfer

calculations.

The

The error incurredfor the gravity gradientcalculationsare small, but may not

be negligible.Phobos is a very asymmetrical body. The computations for the

surface accelerations included only the part of the gravity gradient due to the

variation of radial distance from the center of mass by using an ellipsoid

surface model. The part of the gravitygradient due to the non-homogeneous,

non-spherical mass distributionof Phobos was not taken into account. This

small error should not greatlyaffectthe relative magnitudes of the calculated

values.
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4.0 MACROSCOPIC BASE CONFIGURATION

The previous sections outline the benefits and production goals of an industrial

Phobos base. This section will descMbe the layout of the base on the surface of

Phobos and some of the subsystems required to deploy the base on the Phobos

surface.

I
4.1 GENERAL CONCEPT

I The Phobos base will consist of a collection of specific application modules

(habitat, processing, power, mining, storage, etc.), mounted within

I standardized system modules (simple truss frameworks). For on-orbit

I maneuvers the Phobos base will be configured in a tower formation. Once on the

Phobos surface, the base will unfold in a "tackle box fashion, one module at a

I time. Figure 4.1 illustrates the tower configuration and the "tackle box"

deployment concept for a two system module configuration. The following

I sections will discuss design requirements for a base configuration involving

i multiple system modules.

I DEPLOYMENT . SYSTEMMODULE

MECHANISMS

,I
I TRANSPORT DEPLOYEDCONFIGURATION CONFIGURATION

I FIGURE 4.I - General Concept for Phobos Base Configuration
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4.2 LANDING SITES

Phobos landing sites were researched by the Spring 1986 UT design team --

Texas Space Systems (TSS) I. TSS designated Stickney crater as the primary

landing site and several of the trenches emanating from Stickney as secondary

landing sites. Figure 4.2 defines the orientation of Stickney Crater with

respect to Phobos and Mars (Stickney always faces Mars). Stickney crater has

several advantages over other possible landing sites: natural radiation

protection, surface conditions conducive to anchor and mining systems, and

continuous observation of Mars. Table 4.1 presents the decision matrix used to

designate Stickney crater as the primary landing site for a Phobos base; the

remainder of this section will discuss the requirements listed in Table 4.I.

TABLE 4.I - Phobos Landing Site Decision Matrix

!RADIATIONPROTECTION

TRENCH CRATERE_E

ANCHOR SYSTEM I I

MINING SYSTEM 2 I

EXPANSION 3 2

MARS OBSERYATION 2 I

= BESTOPTION

CRATER CENTER

2

OTHERLOCAL

4

2 3

I 3

I 2

I 2

3 = WORSTOPTION
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FIGURE 4.2 - OMentation of Stickney Craterz
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Radiation protection -- since Stickney crater is always directly facing Mars,

the interior of the crater is shielded from radiation when Phobos is between

Mars and the Sun, when Mars is between Phobos and the Sun, and when the rim

of the crater shades the crater's interior. Figure 4.3 illustrates a simple

daytime l nighttime pattern for Stickney crater. The daytime l nighttime

analysis presented in Appendix A of this report estimates the time of solar

exposure for Stickney crater to be approximately 42.5 of Phobos" orbital period

about Mars (worst case).

5TICKNEY
DAYTIME

_.qt-- PHOBOS

AAAAAAAAAAAAAAA

TTTTTITTTTTTTIISOLAR
RADIATION

FIGURE 4.3 - Stickney Crater Daytime / Nighttime Intervals

The loose regolith thought to be covering the floor of Stickney crater would

also provide excellent radiation protection. A previous study conducted by a

NASA/LIT summer intern design team estimated a worst case radiation

exposure for a free space environment about Mars as 10 REMSlyear with 110
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grams/cm 3 shielding3. This exposure rate was based on energy flux of the

following magnitudes: 10% at 1020 MeV (solarproton events) and 90% at 103

MeV (background radiation).Based on 42.5% daytime (42.5% of 10 REMS/year @

110 g/cm 3) and a regolithdensity of 1.5glcm 3, 0.75 meters of Phobos regolith

will allow 4.25 REMS/year radiationexposure -- worst case. This radiation

exposure satisfiesthe 5 REMS/year allowable exposure for radiationworkers 4.

Regolith depth for total radiationshieldingmay be calculated using a method s

presented in Appendix A. This method yields total shielding requirements of

2.23 meters regolith for 103 MeV energy flux and 171.6 meters regolith for

1020 MeV energy fluxes.Regolith depth requirements for a Phobos base safe

haven will be discussed further in Section 4.4.

Surface conditions -- base anchoring systems and surface mining systems

present special problems in the milIi-g environment of Phobos: how to supply

the reaction forces necessary to initiallyanchor the base and how to break up

the surface of Phobos intomanageable portions for processing.The solutionsto

these problems, presented inSections 4.3.3and 5.0 respectively,are simplified

when the Phobos surface consists of loose regolith instead of solid rock.

Regolith depths in Stickney crater are estimated to be 10 meters at the

crater'sedge and over 200 meters at the crater'scenter6;trenches emanating

from Stickney may contain as much as 20 meters of regolith.

Stickney also provides adequate space for expanding mining operations which

may proceed in alldirectionsfrom the base.However, trench mining operations

are limited to unidirectionalexpansion which lengthens supply lines and

creates a greater chance for single point failures.The more regolith within
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Stickney, the more options availablefor anchoring,mining, shielding,etc..

Mars observation -- because Stickney crater ia always facing Mars, Stickney is

the logicallocationfor a Mars observation facility.Planetary surveys of Mars

and communication links to Earth or other space settlements can both be

accomplished by a base within Stickney.

4.3 SYSTEM MODULE DEFINITION

The Phobos base system module, SM, is a framework of truss elements which

will standardize the interfacingof the Phobos base.The SM may be envisioned

as a tray of a fisherman's tackle box; the tray is generic enough to hold any

type of specialized components (lures,bait, weights, line,etc.)a fisherman

needs to complete his fishing adventure. The basic geometry of the SM is

constrained by several design factors.Table 4.2 presents a comparison of three

SM geometries -- square, hexagon and octagon -- for each of seven design

factors.Based on the decisionmatrix of Table 4.2,the octagon prevailed as the

best of the three SM geometries for a Phobos application.The remaining

portionsof thissection will discuss the design requirements of Table 4.2.

Modularity -- The SM must be a rigid standard; one SM fits all (figuratively

speaking).The SMs must be able to interface at geometrically similar faces.

For an octagon, this modularity means one SM may be stacked on another SM

eight differentways; or two SMs side by side may be positioned in 64 different

orientations.Figure 4.4 presents the baseline SM geometry and size. The

internaldimensions of the SM were based on maximum Shuttle cargo lengths.
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TABLE 4.2 - System Module Geometry Decision Matrix

MODULARITY

APPLICATION
MODULE
VERSATILITY

DEPLOYMENT
CONFIGURATION
VERSATILITY

DEPLOYMENT
SYSTEM
PLACEMENT

ANCHOR
SYSTEM
PLACEMENT

HEXAGON

3

SQUARE

3

SIMPLICITY 1 3 2

WEIGHT 1 3 2

1 = BESTOPTION 3 = WORSTOPTION

OCTAGON

REINFORCINGBAR'S

IF APPLICATIONttODU__ -- IX_X])qX]

SIDE VIEW t

TOP VIEW

FIGURE 4.4 - Baseline System Module Geometry
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Application module versatility -- an application module, AM, is a module

housed within a SM and dedicated to a specific purpose; i.e.life support,

materials processing, power generation, storage, etc.. The shape of an AM

should not be restricted to a standardized, rigid definition -- that is the role of

the SM. The AM must conform to SM (or group of SMs) volume and mass

limitations, but the shape of the AM should depend only on its application;

clearly, a habitat module will have a different geometry than a power plant.

Among the three SM geometries, the octagon delivers the best enclosed area to

perimeter distance ratio; in other words, the octagon possesses the most

useful area for AM placement. This useful area result may be explained by

comparing a circle (a polygon with an infinite number of sides) and a square

which enclose unity areas, see Figure 4.5.

o

A=l=llr _=> r=0.564
P = 2]lr
AlP = r/2 = 0.282

0.282 > 0.25

?
A = 1=5_'=> S=1
P =4S
AlP =S/4= 0.25

FIGURE 4.5 - System Module Useful Area Comparison

Deployment configuration versatility -- for base operations reasons (AM

interfaces, storage access, etc.) and obstacle avoidance reasons (dunng

deployment), the Phobos base must have the capability of multi-directional

deployment. The octagon provides the best deployment versatility of the three

SM geometries because of its eight faces. Figure 4.6 shows two possible
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I

I
surface configurationsusing octagon SMs.

i

i

I

I

I

FIGURE 4.6 - Possible Surface Deployment Configurations

I

i

I

I
I

Deployment system placement -- The deployment system, discussed in detailin

Section 4.3.4,consists of two eletricallypowered lever arms mounted on each

of two directly opposing faces of the SM. The square SM provides the best

placement of the deployment system among the three SM geometries because of

the square's larger faces. For the hexagon SM, deploying face to face would

require mounting the lever arms at the corners of the SM -- adding unnecessary

complexity to the design.

i

I

I

I

Anchor system placement -- the anchor system, discussed in detailin Section

4.3.3 should be positioned in the interiorof the SM to preserve exterior SM

modularity.The best position forthe anchor systems liesin the corners of the

SM where the most "wasted space" resides.The square SM supplies the most

corner space of the three SM geometries; the hexagon supplies a smaller
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amount of comer space and the octagon an even smaller area.

Simplicity -- of the three SM geometries, the square SM yields the most

simplistic designs in terms of truss structures, deployment systems anchor

systems and SM interfacing.However, the octagon yields only slightly more

complex designs because the additional four faces. The hexagon SM design

involves severe complexity because the SMs cannot be deployed face to face

with out intricatemachinations.

Weight -- the octagon SM geometry has a shorter perimeter distance,but 12

more supporting columns than does the square SM geometry -- a similar

analogy may be applied to hexagon and square SM geometries. Therefore, of the

three SM geometries, the square SM will possess the least structuralmass and

the hexagon SM the most structural mass because of deployment and

interfacingcomplexities.

4.3.1 TRUSS ELEMENT DEFINITION

Truss elements comprising the framework of the SM are based on current space

station truss designs_.Figure 4.7 presents the baseline SM truss element; this

element represents a highly redundant system which provides torsional,

bending and axialstiffnesson allaxis.The overallsizes of the truss elements

and the individualbars will have to be re-evaluated because of potentiallyhigh

loading conditionson the truss elements during on-orbitmaneuvers. Structural

integrityanalysisfor the truss elements and the SMs is beyond the scope of the

current Phobos base design project,but such analysis should be conducted in

the future. Truss materials should also be reviewed; Table 4.3 presents a
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i

I

I

I
I

decision matrix for truss element materials based on material properties. In

all cases (except radiation protection because of low density), the

graphite/epoxy composites show clear superiority to aluminum, titanium and

steel alloyse. However, this decision does not include an important factor --

cost. Although the material costs have not been researched for this report,

material costs will be minor compared to other mission costs --

transportation, man-hours, insurance, etc.

• REDUNDANT

• TORSIONALSTIFFNESS
• BENDINGSTIFFNESS
• AXIALSTIFFNESS

FIGURE 4.7 - Baseline System Module Truss Element

TABLE 4.3 - Truss Materials Decision Matrix

I

I

i

I

I

I

STIFFNESS

STRENGTH 4 3

HEAT
EXPANSION

WEIGHT

OUTGASSlNG

RADIATION
PROTECTION

ALUMINUM TITANIUM

4 3

4 2

2 3

1 N/A

3

= BESTOPTION

STEEL

2

2

3

4

N/A

2 1

4 = WORSTOPTION

GI_PHITEIEPOXY

1

I

I

I

1

4
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4.3.2 APPLICATION MODULE MOUNTING SYSTEM

Two practical design philosophies exist for methods of mounting an AM within

a SM: additional truss structures and high tensile nets. Both mounting systems

will require custom construction for each AM because of each AM's unique

shape. Additional truss structures will require reinforcement of the AM at the

high stress contact points and throughout the AM to prevent buckling.

Conversely, high tensile nets will require minimal AM reinforcement because

the nets will be designed to distribute the supporting load uniformly over the

surface of the AM. High tensile nets with supporting straps will allow the AM

to be repositioned within the SM for center of gravity alignment (for on-orbit

maneuvers) and AM interfacing (for surface deployment). Custom high tensile

nets will also be easier to manufacture than custom truss structures and will

conceivably possess less structural mass than a truss system. Figure 4.8

illustrates a high tensile net AM mounting system and Table 4.4 presents the

AM mounting system decision matrix.

APPLICATION

MODULE HI-TENSILE NET

TRUSS
CONNECTIONS

STRAPS

FIGURE 4.8 - High Tensile Net Application Module Mounting System
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TABLE 4.4 - Application Module Mounting System Decision MatMx

APLLICATION
MODULE
VERSATILITY

CENTEROF
, GRAYITY
ADJUSTMENTS

TRUSSSTRUCTURES

Z

2

WEIGHT 2 I

Sl MPLICITY 2 1

1 = BESTOPTION 2 = WORSTOPTION

HI-TENSILE NET

Once the SM is anchored to the Phobos surface, the straps may be replaced or

relieved with minimal bar supports. The main problem of a high tensile net

mounting system will be creating enough stiffness to eliminate "slosh" effects

on-orbit.

4.3.3 BASE ANCHOR SYSTEM

The Phobos base anchoring system must provide the following capabilities:

I) supply reaction forces necessary to penetrate the Phobos

surface,

2) variable anchor depth,

3) soft or hard (regolith or rock) anchor medium,

4) retractable, and

5) simplistic.

Four types of anchors have been reviewed based on these requirements:

I) a conventional self tapping drill,
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2) a self tapping drillwith extending blades -- a reverse

umbrella,

3) an inflatablesubsurface structure,and

4) a surface freeze technique.

Section 4.3.3.1presents the baseline Phobos base anchor system; Section

4.3.3.2discusses the other anchor systems considered.Table 4.5 summarizes

the abilityof the four base anchor designs to meet the specifiedrequirements.

TABLE 4.5 - Base Anchor System Decision Matrix

INITIAL SET
ONCONTACT

REVERSE
UMBRELLA

CONYENTIOHAL
DRILL

INFLATABLE
STRUCTURE

SURFACE
FREEZE

I I I I

SOFT& HARD
SURFACES 1 1 3 3

VARIABLEDEPTH 1 1 4 3

RETRACTABLE 3 1 4 2

SIMPLICITY 3 1 4 2

POWERREQS 1 1 4 3

! = BESTOPTION 4 - WORSTOPTION

4.3.3.1 Baseline Anchor System

Table 4.5 reveals the conventional self tapping drill concept to be the best

among the four base anchor concepts. Figure 4.9 presents a conceptual design of

the self tapping drill anchor. The design incorporates several small diameter

blades to provide the "self tapping" capability and one large diameter blade

52

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I
I

I

I
I
I

I
I

I
I
I

I

I
I

I
I

I
I

supply vertical anchor forces once the anchor is set.

22

FIGURE 4.9 - Conventional SelfTapping DrillAnchor

The blades of the anchor are displaced from one another to reduce the

possibilityof rotating a "cylinder"of regolithinstead of spiralingthrough the

regolith.In the high vacuum, low gravity environment of Phobos, the regolith

may possess fluidicproperties,such as viscosity,too large to be neglected.If

viscosity does become a factor,the small pitch of the anchor blades must be

compensated by offsettingeach blade a distance which will reduce the fluidic

affects of the regolith.The pitchof the blades will be small ( approximately 10

degrees) to insure the blades move through the regolith instead of displacing

the regolith.One large blade is all that is necessary to provide a large surface

area perpendicular to the vertical anchor forces. Preliminary analysis,

presented in Appendix A of this report,suggests a blade pitch of 10° with a

large blade diameter of 26 inches will provide an effective self tapping drill

design in terms of power consumption and drillingdownforce. Ideal power

consumption was estimated to be 38 kW for a rotation rate of 30 rpm. In

addition,the shaft of the drillmay be hollow to allow power cables for a

heated drillbit. A heated drillbit would give the anchor the capability of
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anchoring directlyto rock by melting through the rock surface and then letting

the rock cool around the anchor.

Each SM will have one to two sets of counter rotating anchors to supply a

moment balance between the applied torques to the anchor shafts.Two anchors

(one set) would be optimal in terms of power and simplicity,but for vertical

stabilityduring deployment (Section 4.4),the few initialSMs deployed may

require two sets of anchors. Each SM will also have three adjustable strut

systems to provide a levelingand lateral support capabilityfor the SM. Fins

attached to the surface pad of the strut system, will insert perpendicular to

the Phobos surface during finalanchoring procedures and provide the SM with

lateral support. Figure 4.10 and 4.11 illustrate the implementation of the

anchor system for each system module. This anchor system will fulfillthe

requirements listedinTable 4.5.
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I
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FIGURE 4.10 - Base Support Strut System
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f_l.L SHAFT

'---'' su 'r

SYSTB't

FIGURE 4.11 - Baseline Anchor and Support Strut Configuration

Initialset upon surface contact -- The inertia the base will havewhen

"landing" on Phobos will supply a large downforce (impulse) with which the

anchors will begin to drillthemselves into the regolith.Once the base's inertia

has been dissipated,the mass of the base will provide several hundred pounds

of downforce to facilitatethe drillingaction of the anchors. If necessary,

additionaldownforce may be suppliedby the deployment system (Section 4.3.4)

after the firstSM has been securely anchored.

Soft and hard surfaces -- the self tapping drillsmay anchor in the loose

regolith,or,with the additionof a heated bit,bore directlyinto rock.

Variable depth/retractability-- The nominal depth of the anchor (20 feet)may

be extended by feeding additionaldrillshafts,stored in a rotary magazine, to

the drillmotor using the mobile remote manipulator system (MRMS) discussed

in Section 6.0.However, anchor depth analysis presented in Appendix A of this

report shows a 20 blade depth will supply approximately 1600 of vertical
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anchor force. Also, a DC motor will provide the anchor with a reversible and

variablespeed rotation,i.e.,the anchor will drillitselfout of the regolithjust

as easily as it drilleditself into the regolith.The reversible nature of the

anchor system is not as important on the base as on the mining track system or

the main mining stations (Section 5.0) which absolutely require a relocatible

anchor capability.

Simplicity -- the conventional self tapping drillconcept incorporates a single

mechanical part,the drillitself(excludingthe motor).

Power requirements -- although power requirements were not analyzed for the

other three anchor concepts, displacing regolith would require much more

power than simply passing through the regolith.In the later case, energy is

required to overcome only the surface friction(idealcase), but displacing the

regolith would require frictionalenergy as well as work energy to actually

move the regolith.

4.3.3.2 Additional Anchor Options

The "reverse umbrella" anchor illustratedin Figure 4.12 is also a self-tapping

drilldesign, but much more complex than the conventional drilldesign.The

reverse umbrella anchor would be drilledto a certain depth,at which point the

blades would be released at one end. Once the blades are unconstrained, the

drillwould be pulled towards the surface; this motion would cause the blades

to fold down and anchor the SM. The reverse umbrella system was eliminated

from the finalanchor system because of the system's additionalcomplexity and

poor retracting(once the blades are released)characteristics.
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FIGURE 4.12 - Reverse Umbrella Anchor System

The two other anchor systems studied, inflatable structures and surfaces

freezes, are of the same type and appear in Figure 4.13. Both systems require

two anchoring stages: a preliminary anchor to supply the reaction forces

necessary to place the primary anchor -- the second stage. The preliminary

anchor used would be very similar to the conventional drill anchor discussed

previously. The dual anchor nature of these two systems was the primary

reason for eliminating them from the final anchor design.

..... . .- i::__1_ SURF_E
INF ' "_' :!__! FREEZE

itltl

STRUCTURE._v, _._;!_,.,,. ':'_¢,::::!:i:::':':_
•_..___.;.'. .._...._:. ..,....._..,,.._

'_I,_"i'_¢l,;b::'', , ,,e . . ,,,,,,_,--,,,.,
.s.¢|.|eo. • i.l.I i *

FIGURE 4.13 - Inflatable and Surface Freeze Anchor Systems
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The inflatablestructure would be deployed by inserting a tube containing the

structure into the regolith and then inflatingthe structure.Once inflated,a

stiffening agent would be sprayed on the interiorof the structure to prevent

collapsing.Power requirements would be excessive compared to the other

anchor systems because of the amount of regolith displaced by the inflatable

structure. Once the stiffening agent is applied, the structure could not be

retracted without breaking the interior stiffner coating. Depth is also a

restriction for an inflatable structure because of the increasing pressure

resistance of the regolithwith depth.

The surface freeze system involves injecting the regolith with water and

allowing the water to freeze a block of regolithonto the injectingmechanism.

This system presents a problem due to the low bearing strength of ice.

4.3.4 DEPLOYMENT SYSTEM

The baseline Phobos base deployment system consists of four linearly

telescoping, crane type lever arms -- two arms on each of two directly

opposing faces.Two arms on each face allow a SM rotatingcapabilityas seen in

Figure 4.14.Figure4.14 also illustratesthe telescopingarms are necessary for

SM clearance reasons.The ends of the deployment arms will be mounted to the

SM via monocoque panels which will be position on the face of SM truss

element in place of the standard bar.The electromagnetic torque motor for the

lever arm will be mounted directly to the monocoque panel at one end of the

lever arm; the other end of the lever arm will be a free pivot.In essence, only

one set of four lever arms is necessary for base deployment -- the set will be

relocated to differentSMs in turn of their deployment. The actual power supply
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would be the only component of the deployment system that would not be

transferable.The system would "plug"into the common base power supply at

each SM. The lever arms would be repositionedusing the same MRMS which was

discussed as an aid to the anchor system:

TELESCOPING,__REE PIVOTS

6RP15_
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FIGURE 4.14 - System Module Deployment System

A single deployment arm which employed two lever arms with a powered joint

was also considered, but compared to the telescoping arm, the relative

complexity of the dual arm system interms of geometry, power systems, and

repositioning, eliminated the dual arm configuration from the baseline

deployment system configuration.
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4.4 BASE DEPLOYMENT SCENARIO

This section will present the baseline configurationof the Phobos industrial

base as well as the Phobos base deployment sequence of events.

Figure 4.15 presents a conceptual view of the on-orbit tower configuration of

the Phobos bose. Figure 4.16 represents the current baseline configuration of

the Phobos industrial base. The base will be positioned near the south wall of

Stickney crater with radially expanding mining operations. The baseline

configuration consists of seven system modules deployed in the order listed

I
I
I

below:

I)deployment module,

2) safe haven/habitationmodule,

3) laboratoriesmodule,

4) storage/base vehiclesmodule,

5) raw materials processing module,

6) mining module, and

7) primary power plant module.

I

I
i
I

I

I

210fl I

FIGURE 4.15 - On-Orbit Tower Configurationof Phobos Base
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FIGURE 4.16 - Baseline Configuration for Phobos Base
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4.4.1 DEPLOYMENT MODULE

The base will rendezvous with Phobos (at Stickney) in a tower configuration

with the deployment module at the "bottom" and the pMmarg power plant at the

"top'. The deployment module will contain all the tools and equipment required

to deploy the Phobos base: initial power supply, MRMS systems, safe haven pit

excavation equipment, etc.. The initial power supply will become the base's

backup power system once the primary power plant is operational.

The tower configuration will approach the surface of Phobos with a slight

velocity to provide the anchor system with a reaction (inertial) force with

which the anchors may begin to drill into the regolith. Once the two drills have

established the necessary depth to provide the specified anchoring forces, the

strut systems will "level" the tower for the best deployment orientation -- the

orientation of the deployment module, with respect to the Phobos surface, will

dictate the orientations of the SMs to follow. The tower configuration will be

stabilized during the entire initial anchor sequence by the on-orbit attitude

control system--The control system will merely dispatch an attitude control

command once the proper tower orientation for anchoring has been established.

However, due to the semi-proximity operations nature of the base rendezvous

with Phobos, mission timing will be cMtical for a successful "landing'.

When the deployment module has completed anchoMng procedures, the safe

haven pit excavation equipment will be deployed from the deployment module to

excavate the safe haven pit before the safe haven/habitation module (SHHM) is

deployed over its designated space. The MRMS systems will be initialized from

the deployment module on the exterior of the deployment module concurrently
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with pit excavation. Also concurrently with pit excavation, the deployment

module will be freed (SM interfacingdisconnected) from the SHHM and other

equipment will be unpacked: vehicle parking pads (discussed later),special SM

interfacingtracks for MRMS transmodule movement, etc..

When the safe haven pit has reached a depth where approximately 8 feet of

regolith(radiationshieldingrequirements from Section 4.2.I)may be placed on

top of the save haven, the SHHM is ready to be deployed.

4.4.2 SAFE HAVEN/HABITATION MODULE

The SHHM contains two habitation modules, a safe haven and an every day

habitat,as well as the access tubes and airlocks necessary to link the two

habitationmodules together aftersafe haven burial.

The entire tower configuration,from the SHHM to the primary power plant

module, PPPM, will be slowly liftedfrom the deployment module with the lever

arms of the deployment system. Care must be taken to not only clear the

deployment module but also to align the two SMs before the SHHM's strut pads

contact the Phobos surface -- repositioningmay be difficultif the fins of the

strut pads perform as designed. Alignment care must be taken for every SM

deployed.

Once the SHHM is resting on the Phobos surface, the deployment arms can

supply the reaction forces necessary to start the SHHM drill anchors. If

required the struts of the SM will be adjusted to improve SM alignment. These

actions will be duplicated for every SM deployed.
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Once the SHHM is firmly anchored, the adjustable straps of the safe haven's AM

mounting system may be used to lower the safe haven into its radiation

shielding pit.The surface access systems will then be secured and the safe

haven covered with regolithusing the same equipment which initiallymoved

the regolith.

During safe haven burial, the deployment system will be relocated to the

laboratories module using the MRMSs and the the lab module will be

disconnected from the SHHM. The deployment process then repeats for each SM

in turn.

4.4.3 LABORATORY MODULE

The laboratory module will contain any and all scientific hardware and

experimentation facilitiessuitable for Phobos applications. The laboratory

module follows the SHHM in deployment sequence so that the habitation

modules and laboratory modules have the capability to be rigidlyconnected

with pressurized interfaces.

4.4.4 STORAGE/BASE VEHICLES MODULE

This module represents the transition from manned to unmanned operations.

The storage/base vehicles module, SBVM, will house storage facilitiesfor

processed goods and the "hanger" for the manned and unmanned vehicles.

Vehicles will be retrievedfrom the hanger using the MRMS.

4.4.5 RAW MATERIALS PROCESSING MODULE

This module, the RMPM, will house all the raw materials processing facilities.
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This module is logically located between the processed materials storage

facilitiesand the regolithmining support facilities.

4.4.6 MINING MODULE

This module will be the last SM deployed for the main body of the base. The

mining module will hold all mining equipment and supporting transportation

equipment (surface tracks, anchors).This module is deployed at the perimeter

of the base so that mining operations may expand unimpeded by the base.The

regolithmined will also be routed through thismodule to the RMPM.

4.4.7 PRIMARY POWER PLANT MODULE

This module is the very last module deployed because the PPPM, discussed in

the ground rules section of this report, will be remotely piloted,via large

rotational tracks,to a location providing adequate radiation shieldingfor the

Phobos base -- the location could be insidethe smaller crater within Stickney.

The PPPM will also contain allcables or equipment necessary to transfer the

power from the nuclear plant to the main body of the Phobos base. Mining and

processing operationsmay begin as soon as the PPPM is operational.

4.4.8 MANNED SUPPORT

Initially,the Phobos base described by this report was targetted for manned

deployment support of 6 men for 2 weeks. Upon review of the deployment

sequence of events, all of the deployment events described could be

accomplished by an artificialintelligence(AI) system or remotely controlled

from a concurrent colonization effort on the surface of Mars. The manned

capability for the Phobos base is still required to fulfill the needs of a wide
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range of space supply,transportation,exploratoryand scientificmissions.

4.5 OVERALL MASS ESTIMATES

A rough method for estimating a total base mass is presented in Appendix A of

this report.Using graphite/epoxy compounds for the system module truss work

yields a truss work mass of 14,500 kg for a truss bar radius of one inch and a

truss size of six feet cubed. Most of the SM payload masses are unknown;

however, a few estimates are available.The 5 megawatt nuclear planned

designed by Texas A&M was estimated at 110,000 kg; two space station

habitation modules (1985) were estimated at 40,000 kg. 100,000 kg was

arbitraMly selected as an average SM payload mass. From these assumptions,

the total base mass estimate becomes: 801,500 kg or about 1800 tons -- this

will likelypresent structuralintegrityproblems in the SM trusswork and will

definitelylimitthe accelerationpotentialof the base on-orbit.

4.6 MACRO BASE CONFIGURATION STRENGTHS AND WEAKNESSES

I

I
I

I
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I
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I
The main strength of the macroscopic base configurationdesign relates to the

underlyingmotivation of the NASA/University design programs: to present new,

innovativeideas for the advancement of a permanent manned presence in space.

The base design of Section 4.0 presents unique solutionsto modularization of a

large,complex industrialbase which is constrained to a milli-g environment

and only a few weeks deployment time for full-potentialproductivity.The

macro base design defines problems, and some solutions, of problems

previously undefined.With an overall concept to work with, design efforts may

be continued in specific areas of special interest: application module

interfacing,anchor systems, deployment systems, space vehicle supply and
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docking scenarios,power systems, structuralintegrity,lifesupport systems,

on-orbit and interplanetarypropulsionsystems, etc.

The overallweakness of the macroscopic base design stems from the broadness

of the design effort.The aspects of the base design that are covered are done

so on a conceptual level.Other aspects of the design are simply assumed as a

ground rule: life support systems, power systems, on-orbit/interplanetary

propulsion,crew evacuation.However, aspects of the base design addressed as

a ground rule were those which already possess (in most cases) significant

work directlyand indirectlyapplicableto the current Phobos base design.

Other gaps in the design effort,cannot be peddled away as groundrules.Space

vehicle rendezvous with the Phobos base for resupply -- both surface resupply

and on-orbit resupply scenarios need to be defined.Base transportationcannot

be assumed any longer -- the size of the project that has been defined

necessitates a serious feasibilitystudy to determine if the Phobos base can be

transported into space in a cost effectivemanner. The structural integrityof

the Phobos base for its on-orbit transportationrole was essentiallyignored,

but the base size and mass estimates force the structuralintegrityissue.

67



5.0 MINING PROCEDURES

This section discusses mining equipment restrictions and requirements,

versatility,and outlines an operational mining system. Mining strategies and

required technologieswill also be discussed.

5.1 EQUIPMENT RESTRICTIONS AND REQUIREMENTS

The physical conditions on the surface of Phobos pose restrictions on the

mining equipment to be used. The main restrictionsare the increased friction

due to the near vacuum on the surface of Phobos I and the lack of any convective

heat dissipationmechanism z, both of which will affect the performance of the

equipment. Another restriction is the possibilityof cold welding of moving

joints,also due to the high vacuum environment3.An additionalrestrictionis

posed by the very low gravity on the surface of Phobos which will require the

mining equipment to be securely anchored or to be sufficientlymassive to

create enough reaction force to be able to mine the surface. The mining

equipment should comply with certain requirements. The equipment must fit,

efficiently packed, into the system modules. The mining system must be

relocatibleand expandable for surface versatility.The mining system should be

able to avoid or reduce obstacles such as large rocks. The mining equipment

should perform several tasks: surface mining, surface coring, surface

tunnellingand safe haven burial.In order to achieve these tasks, the mining

equipment should consist of several interchangeable mining components. The

mining equipment should consist of simple components and each with a

minimum of moving parts.
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5.2 MINING CONCEPTS

This section presents the proposed mining concepts with a briefdescription of

the components. The component descMptions are conceptual and serve to define

system requirements.

5.2.I SCOOPING CHAIN

The scooping chain mines regolithby scraping the surface of Phobos. Figure 5.1

shows the surface scraping component, which will then be attached to a

system module.

..°
:...-

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

FIGURE 5.I - Scooping Chain Concept

5.2.2 REGOLITH MELTING

Regolith melting is useful in tunnelling,coring,and safe haven burial.Several

methods and components have been suggested for these tasks and reference 5.4

proposes several coring components. Consolidation melting crestes a

glass-lined hole with thick (_I/2 of the hole radius)solid walls.This feature

can be used to form walls composed of many solidhollow cylindersas shown in

Figure 5.2. The regolith within the walls would then be removed with a

scooping chain mechanism. This procedure could be used for safe haven pit

excavation.Figure 5.3 shows a component which would form slabs of melted
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FIGURE 5.2 - Excavation Using Wall Melting
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regoliththat could be used for subsurface construction,shieldingor storage.

Slabof SolidRegoli_
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a)

b)

FIGURE 5.3 - Slab Melting Concept

The slab melter bites into the regolith and melts itwith the high temperature

surface inside the device.The slab melter is then pulled up and rotated until

another slab melter is in place.The process is then repeated. Once the slab is

rotated 180° a pusher then pushes thissolid slab onto a conveyor belt feeding

the processing unit.The slab melter assembly fitsintoa multidirectionaljoint.
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This procedure is not favored for resource mining because heating the regolith

at least to itsmelting point causes it to lose much of the desired volatile

products,namely hydrogen and oxygen.

5.2.3 DRAGGED SCOOP

Figure 5.4 shows the dragged scoop concept.This method is inefficientsince it

is not easilyautomated. This is due to the need for the scoop to be redeployed.

Italso failsto provide effectiveobstacle avoidance.

Processing Module Drag Line Scoop

_'i!i_iiiiiiiiiiiiiii_iii___i iiiii!iii__i_iii:
* **-..*******-.-.-.***.**. ***.*.**-.-.o.**..-***o.- 1-.,..--.iiJ_-. ***.****-**.**-.-**.**-.*.-.*.*.°o-..°-°-*******-********** -

"'""""":':':':':':'"::::::::':::!:!:iCo11¢,_ion::::":':':::::::""""'""'"
Regolith Trou_

FIGURE 5.4- Dragged Scoop

5.2.4 ROCK FRACTURING

In the advent of findinga solidrock obstacle,rock fracturingshould be applied

before the scooping chain starts its job.A method of fracturingrock by impact

shock waves is illustratedin Figure 5.5.This is achieved by attaching a probe

with an impact hammer. The hammer is driven by a piston with compressed CO2

gas. Carbon dioxide is a by-product of the proposed regolith processing and

should be readilyavailable. Internalstesses in the rock are cumulative and

repeated impacts will eventually crumble the rock, irrespective of the

magnitude of the force of impact.
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Hammer

/
FIGURE 5.5 - Rock Fracturing Element

5.2.5 ORE CARTS

The required ore cart payloads can be initially sized using an assumed ore

production capacity and a continuous operation. The time it takes for a cart to

traverse the track circuit can be described by the expression:

T : L/V,t (5.1)

Where,

T = Round tripcircuittrack time

L = Round triptrack length

V = Average speed along the circuit

t = Estimated off-loadingtime

The track lengthcan be stated as the perimeter of a circulararc:

L = r(2+B) (5.2)

Where,

r =

13 =

Spoke radius

Angle between the spokes in radians

Desiring a load (mass) per tMp, the product of the dailyproduction requirement

with the circuittime divided by the work-day length yieldsthe requirement for

a single mining station.For a given number of stations,the following equation
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results:
nS= T(DIW)

Where,

n = Number of mining stations

S = Mass requirement for the ore cart

D = Dailyproduction requirement

W = Length of work-day

(5.3)

Using a daily production rate (Earth day) of 250 metMc tons of H20 per day,

assuming a 10% water recoverabilityfactor,a spoke length of I km and an angle

between the spokes of 30 °,the round triptrack lengthis:

L = r(2+I3) (5.2)

= I km ( 2 + 0.5236)

= 2.5236 km

Assuming an average

minutes:

track speed of 5 km/h and

T = L/V+t

= (2.5236 km 1 5 km/h) + 0.1667

= 0.671 hours = 41 min.

an off-loading time of 10

(5.1)

Now, using the two initialmining stations and a 22 hour work-day, the ore cart

mass capacity is:

S = (T/n)(D/W) (5.3)

= (0.671h/2)(250mt/22h)

= 3.815 mt per trip
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This is for a single ore cart per mining station. So each ore cart must be

capable of 1.907 metric tons of regolith.The volume of this regolithwill yield

an initialestimate of the size the ore cart must accommodate.

v = Sld (5.4)

Where,

V =

d =

Ore cart volume

Density of regolith

Using a constant density for Phobos of 2000 kg/m 3 or 2 mt /r_ , the cart

volume is:

V = 1.907 mt I 2 mtlm 3

= 0.954m 3per trip

This volume corresponds to that of a cube with sides of 0.984 meter. The factor,

DInW, is also the expression of the required hourly rate of ore production for a

single mining station. Using the same daily production requirement and

work-day, the production rate is 5.682 metric tons per hour. The resulting

volume is 2.841 rr_lh.These figuresindicatethat the assumed dailyproduction

requirement is adequately met by the proposed mining operation. Another

implication of this low rate is that the slower mining motions necessary in a

low-g environment can easily be accommodated with a minimum of impact on

production.
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5.3 MINING STRATEGIES

The mining can take place either on the surface or under the surface,as shown

in Figure 5.6. Problems with surface mining include raised dust and an

adequate anchoringsystem.

- _-r-_i!i!i!i!iii!ii_
..._.._ii_iiiiiiiii_iiiiiiiiiiii_iiiiiiiii_i_i_i_iiiiiiiiiiiii_iiiiiiiiiii_iiii_iii_ii_iii_i_iiii_

FIGURE 5.6 - Subsurface Mining

The mine stationanchor should be sufficientfor both horizontal and vertical

reaction forces. Advantages of surface mining include:

a) ease inrelocationan obstacle clearance;

b) ease of maneuvering on a the track for expansion and maintenance; and

c) regolithtransportationto the processing station.

Itwas decided that a crawling,mining vehiclewas unsuitablefor use in the low

gravity environment of Phobos.4 A sealed system to minimize the amount of

raised dust eliminatesthe firstproblem. Using a separate anchoring system can

eliminate the second. The advantages to subsurface mining are:raised dust is

not freed in as great quantitiesand normal reaction can be obtained from both

the floor and the ceiling. This assumes the regolith can support tunnels.

Disadvantages to subsurface mining include:
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a)

b)

c)

d)

maintenance access;

cave-ins requiring support;

the need to transport regolith out of the hole; and

obstacle avoidance or clearii_g.

By applying the various mining components in view of the advantages and

disadvantages a comparison of mining equipment and strategy can be made.

Table 5.1 contains a decision matrix rating the various concepts for suitability

to Phobos applications. From Table 5.1 the best choice for resource mining is

the scooping chain. The disadvantages of surface mining are more easily

overcome than those for subsurface mining. Above surface mining is the

preferred method. However, both the scooping chain and a melting system are

necessary for safe haven burial.

TABLE 5.I - Decision Matrix

_"_TION

REQUIREMENT

_:OOPINGCHAIN
SYSTEM

SIMPLICITY 1

ABOYESURFACEOPS. 2

BELOWSURFACEOPS. 2

DRAGGED
SCOOP

MELTING

3 2

I 3

N/A I

RESOURCEYOLUME ! ! ;3

OBSTACLECLEARANCE 1 3 2

EASEOFAUTOMATATION 1 2 1

3 1SAFEHAVENBURIAL I

Simplicitq is a measure of the rnechanism'scomplication e_ ease of
operation in normal circumstances. Normal circumstances ere the same
for eachconcept.
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Above/Belay Surface Operation is a rating of the suitability of the
mechanism for above or helov surface operations. Notice the dragged
scoopcannotbe usedin subsurface operationo.
Obstacle Clearance/Avoidance implies no special machinery has been
installed to clear obstacles. The scooping chain vas rated best for its
ability to avoidobstacles.
EaseofAutomation rates the ability for a complex artificial intelligence
(AI) to(Erect the operation. Such AI factors es sensing and control vere
usedto rate this category.
Safe HavenBurial rates a concept for its suitability to dig a hole for the
safe haven.

5.4 OPERATIONAL PROCEDURES

Because of the requirement for continuous operation, the regolith transportation

system on a closed loop of track. Power is supplied by this track and serves as

a distribution bus for a series of scooping-chain mining stations. This relieves

the necessity for batteries in the mining stations. Because the mining stations

are restricted to the track, a method minimizing the track relocation was

needed. The design presents a closed loop of track where mining takes place at

the periphery.

5.4.1 TRACK LAYOUT

A possible configuration for the mining track layout is an arc with the center at

the ore off-loading interface (Fig 5.7).This configuration provides a continuous

one-way track for the ore carts. This is helpful in automation and to minimize

the amount of track initially carMed to Phobos. Mining stations will move

clockwise about the arc. Digging patterns of the stations will themselves be

arcs but not necessarily so. A second arc of track radially inward of the initial

track should be deployed after the mining operation has been started. These two

arcs will "leap-frog" inward to shorten the spoke length. As these spokes

shorten, the excess track will be placed in the next spoke position. This will
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ensure continuous operation. Freed track from both the spoke and the two arcs

can be used in the layout of the next spoke-arc combination (Fig. 5.1] ).

Direction of Mining Stations

MiningStati___'_,

,Spokesof Length, r

- _.
DirectionofOreCarts

Off-LoadingInterface

FIGURE 5.7- Track Lagout

previouslocationoftrack

mini,lg stations _ Jl

Ip-. I_I I - I. I

,.rts_ _ .-./

Y"7
future site of trac_

FIGURE 5.8a - Mining Station Relocation
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FIGURE 5.8b - Mining System Relocation I

5.4.2 CART LOADING/UNLOADING

The carts are loaded by passing through the mining system module, shown in

Figure 5.9, and dumping the scoops full of regolith into the cart. Since the

system module is sitting on the tracks the cart will unhook temporarily from

the main tracks on to local tracks located at the sides of the throughway.The

system module has the driving and control systems for the mining operation and

thus can control the cart for stopping and loading.

I

i

I

!
I

5.4.3 REQUIRED VEHICLES

For two mining stations and a round trip transit time of 0.683 hours, 2 ore carts

per station should work efficiently by scaling ore excavation rates. Using a

minimum of four ore carts and one rock fracturing unit, a minimum of two track

driving bases are necessary. More driving bases will be needed for redundancy.

A track relocating vehicle, maintenance and transportation vehicles are

required. These vehicles as well as the track are discussed in Section 6.0.

I

I

I
I

I
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FIGURE 5.9 - Mining Station

5.5 REQUIRED TECHNOLOGIES

Some new technologies will be necessary for the above ideas to work mainly to

overcome some of the restrictions posed by the environment of Phobos, as

mentioned in section 5 i. Required technologies include:
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a) new heat resistant alloys and coating methods to reduce wear

and tear;

b) new lubricants that are efficient in vacuum are required for

parts moving in a vacuum;

c) an anchoring system that will handle the horizontal and vertical

reactions due to mining;

d) artificialintelligencesensing and control for automation of the

mining operation;and

e) artificialintelligence maintenance techniques to repair mining

malfunctions.

5.6 STRENGTHS AND WEAKNESSES

This section has set forward a mining system concept that fulfills the

requirements posed by the environment of phobos and the nature of the mission.

The environmental restrictions and general requirements as well as the basic

operations of the mining system and required advances in technology have been

defined. A short analysis showed that this mining system can easily meet the

production goals of the base. The section lacks, however, any detailed analysis

on the mining modules themselves and on the flow of the operations.Both the

mining modules and the operational flow set up whole areas of research

themselves.
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6.0 SURFACE LOCOMOTION

I

I

I
I
I

I
I

I
I

This section will define possible required missions for Phobos' surface

vehicles.Many modes of locomotion have been investigated for Phobos surface

vehicles. Investigationshave been based on lunar vehicle proposals and past

researchI which was considered for the Apollo missions. The design problems

arising from the different environments of Phobos and the Moon will also be

examined in this section. In order to fully develop a preliminary design for a

surface vehicle, the Phobos surface terrainwill be assumed to be similar to

that of the Earth's moon. A decision matrix will be used to determine the

surface vehicle or vehicles which could be used for Phobos base applications.

6.1 VEHICLE DESIGN DEFINITIONS

In order to have a fully autonomous base, some means of locomotion will be

required.Locomotion could also be necessary for manned EVA's. The possible

missions for a surface vehicleinclude:

• Standard maintenance

• Mining

I • Transportation

I

I

I

• Surveying

• Exploration

• Large scale remote placement

• Initialbase deployment

• All Purpose

I

I
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6.2 DESIGN PROBLEMS FOR SURFACE LOCOMOTION ON PHOBOS

As mentioned above, research was based on surface vehicles which were

considered for the Apollo missions; however Phobos presents many surface

transportation problems which were not problems for the Earth'smoon.

Phobos has one-thousands the gravity of Earth,thus gravitationaleffects from

Mars make proximity operations analysis of the three body (Mars, Phobos, and

vehicle)problem a realisticapproximation for Phobos. Depending on the results

of the Orbital Mechanics Group, proximity operations could dMve the selection

of the vehicle,but for preliminary design,gravitationaleffects of Mars will be

negleted and the surface will be considered flat.The milli-g environment of

Phobos yield reduced traction horsepower requirements and tipping stability

problems; ie.the speed of the vehicle will have to be reduced when turning or

cornering.

The vacuum environment will also influence the choice of locomotion. Cold

welding will occur with poorly lubricated joints or rolling surfaces. Thus

contacts must be protected or pressurized or an advance technology lubrication

will have to be developed.

Surface characteristics is another consideration for vehicle design. Obstacle

clearance and avoidance issues and the steepest slope or climbing gradient for

the vehicle will have to be defined.The extent of grit or dust on the surface

should be known together with the particle size. Problems for vehicles could

include dust kick-up, rocket thrusters clogging, and sliding surface

contamination.
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For optimum locomotion system selection,the soil values, bearing pressure,

smoothness of the surface, friction,and sinkage characteMstics and cohesion

must be known together with the distributionof these properties over the

route that the vehicle will travel.For values that cannot be determined, Earth's

moon will be used for the design and selectionof the vehicle.

For manned vehicles,solar radiation protection will be included in the vehicle

design. Meteor impact frequency will also be considered.The horizon distance

is greatly reduced because of the size of Phobos; therefore some means of

navigation will have to be considered.

6.3 VEHICLE DESIGN CONFIGURATIONS

Vehicle design will be based on four configurations:

• Rotational-tracks or Wheeled Vehicles

• Track-laying or Track-guided Vehicles

• Burrowing Vehicles

• Flying Vehicles

6.3.1 ROTATIONAL-TRACKS OR WHEELED VEHICLES

This type of vehicle will use wheels or rotational-tracksto propel itself.Some

of the past proposals for the lunar vehicles include the Lunar Surface

Exploration Vehicle and the Boeing MOLAB.

Wheeled vehicles will be considered for local area operations which will

require maneuvering around obstacles.The wheels of the vehicle could have
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aluminum spokes with recessed steel webbing, the spokes deflecting radially

and tangentially to simulate a pneumatic tire. With the steel webbing, a

constant wheel width is maintained and the rolling resistance is kept

constant. With increasing load, the contact area increases longitudinally

producing no increase in bearing pressure. The chassis of the vehicle will be

low and wide to produce a low center of mass. This type of vehicle could be

used to perform necessary maintenance tasks around the base. The immediate

problem of thistype of vehicle is reduced tractionhorsepower.

The rotational-tracked vehicles (bull dozer, tank, half-tracks type) will be

considered for long range operations and transport of large masses. The tracks

will have extended ribs to allow more traction.To improve stability,the

vehicle will have a low center of mass. The tracks should also be as far apart

and as wide as possible.This type of vehicle is expected to have good mobility

on the soft ground, good performance on rough surface, and good obstacle

crossing.This vehiclewill be used for the remote placement of the powerplant.

Figure 6.1 depicts the wheeled and rotational-track vehicle configurations.

6.3.2 TRACK-LAYING OR TRACK-GUIDED VEHICLES

Track-laying vehicleswill use track which is anchored to the Phobos surface or

base to propel and steer the vehicles.The track may be laid by the vehicle as it

progresses along a previously laid track or the track may be deployed in large

folded, spring-released sections. All track systems will require an anchoring

system to resist vehicle inertialforces.Track anchor systems will be small

scale versions of the base anchor systems.
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Wheeled Vehicle

Rotational-Tracks Vehicle

FIGURE 6.1 - Wheeled and Rotational-track Vehicles.

Track-guided vehicles will use a track which is suspended above the Phobos

surface.The vehicle could be suspended below the track or ride above the track.

The initialdeployment of the track will require a complex deployment syStem,

but the vehicle will not be restrictedby surface obstacles. Figure 6.2 depicts

the track configurations.

These type of vehicles could be used to transport equipment or regolith to

areas which require transportation between two fixed points (mining

operations).The vehicle could be capable of transporting large masses since

the vehicle would be getting reaction and stabilizationfrom the tracks.

A tracked vehicle will also be used to transport the Remote Manipulator System
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(RMS).The RMSwill travel along tracks which are mounted to the tops of each

module. The RMS will use the base for reaction force by locking the vehicle to

the tracks.The RMS will be an important part in the deployment of the base and

mining operation.

Deployment
system

system

Track-laying Vehicle

Track-guided Vehicle

FIGURE 6.2 - Track-laying and Track-guided Vehicles
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6.3.3 BURROWING VEHICLES

This type of vehicle was proposed by the General Motors Defense Research

Laboratories.The principle of this type of vehicle is based on using one or a

pair of screws to plow and propel itselfthrough loose surface material. The

vehicle could tow other necessary vehicles through the tunnel it dug out. The

vehicle could also operate above the surface by having the screws buried in the

ground. Figure 6.3 depicts this configurationof a burrowing vehicle.

I

I

I

A burrowing vehicle would be very usefulfor tunneling.The concept will be the

toughest vehicle to design since the soil parameters are not known.

Conceivably, the vehicle could bury itselfand remain stuck in the regolith;thus

this vehicle is not a primary candidate for the Phobos base.

I Arch imede an- scre w

I
I, C

pivot

Burrowing Vehicle

FIGURE 6.3 - Burrowing Vehicle
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6.3.4 FLYING VEHICLES

This group of vehicleswould use reaction jets for movement about the surface

of Phobos. The advantages of a jet powered vehicle include increased surface

mobility and the capability of going over large irregularitiesof the surface.

The jet powered vehicles may be grouped into two categories: small scale

vehicles like the Manned Maneuvering Unit (MMU) or Space Scooter Unit (SSU)

and the larger scale frame-based vehicles. If the dust kick-up of the surface

becomes a problem, the vehicle may hove jumping shocks which will enable the

vehicle to be kicked-off the ground for initialsurface clearance,at which time

the jets could be used. Figure 6.4 depicts the configuration of three flying

vehicles.The control systems of these types of vehicles will have to be very

sophisticated.With the milli-g environment, the vehicle could easily be lost in

space or crash uncontrollable.An inertial navigation system is expected to

have the capabilityto accomplish control and stabilityof the vehicles.

If enough reaction from the rockets were available,the framed based vehicle

could be used formaintenance. This type of vehicle would be most advantageous

for manned flight.The vehicle will be maneuverable and autonomous if

necessary. The vehicle is the primary candidate for the transportation vehicle

and the exploratory/surveying vehicle.A RMS will be installed on the vehicle

for general tasks.A remote pilotcontrolwill be considered for an option.

The MMU and SSU will be useful to transport people to tasks which would

require more flexibilitythan the frame based vehicle. The SSU will be

advantageous because the person could leave the vehicle.The weakness of this

idea is that the man will have to adapt to the milli-g environment. The MMU
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will restrict the persons movement within the back pack, but he could easily

maneuver around the base for certain tasks.

MMU

(Manned Manuevering

Unit)

SSU

(Space Scooter Unit)

mechanical arms

rocket

thrusters

shock absorbers

or jumping shocks

_kids

crew capsule

FIGURE 6.4- Flying Vehicles
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6.4 DECISION MATRIX FOR SURFACE LOCOMOTION

A decision matrix will be used to determine the best vehicle or vehicles for the

Phobos base. The vehicle will be versatile enough to carry out many tasks.The

vehicle may or may not be manned, depending on the requirements of the

specific missions. The vehicle should have an autonomous or remote pilot

control for the manned vehicles.The vehicles required for the operation of the

base will be autonomous. The decision matrix which will be used to determine

the mode of locomotion is shown in Table 6.I.

Terrain versatility- - the rotationaltracked, tracked, and flying vehicles seem

to be versatile on Phobos' surface. The flying vehicles obviously have the

greatest advantage since they can fly over obstacles. All the vehicles will

require some type of stabilizer because of the low gravity.The stabilization

could be accomplished with tracks,reaction wheels, or rocket thrusters.

Environmental effects -- the surface vehicles will have an effect on the

environment. With the surface contact, the vehicles will easily kick up dust

which could reduce visibilityor immobilize the vehicle.

Minimum moving parts -- the flying vehicles will have the least moving parts

necessary for propulsion.The rotationaltracked vehicle would potentiallyhave

the most moving parts. As mentioned before, moving parts would be a

disadvantage since the vacuum could cause cold welding on moving surfaces.
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I

I TABLE 6.1 - Surface Vehicle Decision Matrix

I REQUIREMENTS _ _ _ = =
I'- I'- u. E

I TERRAIN VERSATILITY 3 3 2 1 I I

I

I
I

I
I

I

MILLI-G STABILITY 4 3 3 I I I

ENVIRONMENT EFFECTS 4 2 2 2 2 2

f_
s-
e_

3

2

MINIMUM MOVING PARTS 5 4 3 I I I 2

MANEUVERABILITY 3 5 5 I I I 5

HIGH SPEED 4 2 2 2 3 3 2

PAYLOAD WEIGHT I I I 3 5 5 3

AUTONOMOUS 1 I 1 1 5 5 I

I 1 - 5 "Best - worst.

I

I

I

Maneuverability -- all vehicles possess some maneuverability, but the flying

vehicles are the most maneuverable. The vehicles'speed will be limited by the

escape velocity of Phobos unless some means of control is applied to keep the

vehicles on the ground.

I Payload weight -- the tracked vehicles seem to have the largest load

I
93

I



capabilities.The worst load carriers are the personal vehicles such as the SSU

and MMU. The RMS could be designed to support high loads since it will be

anchored to the base.The tracked vehicles will also be capable to carry large

loads.

I

I

I

Autonomous -- all vehicles could be designed for autonomous operation,but the

unmanned vehicles which would be used for transporting mining equipment and

used for maintenance would be the ones which would require the autonomous

control.The autonomous control should include some means of remote control.

6.5 SURFACE VEHICLE DESIGN CONCLUSIONS

Four types of vehicles were determined to be required for

operation of the Phobos base:

• Remote Placement Vehicle (largestructures),

• Remote Manipulator System,

the autonomous

I

I

I

• Magnetic LevitationVehicle, and I
• FlyingVehicle.

I
The Remote Placement Vehicle (RPV) (Section 6.5.1) will be used for the

remote placement of the nuclear powerplant. The vehicle design was based on a

proposal for a lunar(Earth)project.

The Remote Manipulator System (RMS) (Section 6.5.2)will have a primary role

in the base deployment. It will also be used to keep the track system of the

mining operation running. Details of this vehicle will be assumed closely

related to the LEO Space Station RMS.

I

I
I
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The Magnetic Levitation Vehicle (MLV) (Section 6.5.3)will be a geneMc vehicle

which will use superconducting tracks to propelland levitatethe regolithcarts

and mobile RMS. The track system will operate using electricalpower from the

powerplant. This type of vehicle is currentlybeing studied as a mass driver.

The Flying Vehicle (FV) (Section 6.5.4) will be used for exploratory and

surveying purposes.The vehicle will be capable of supporting a two man crew.

It has been determined that each vehiclecould be a project in itself,thus this

section will give a description of each vehicle and rough estimates on power

consumption and mass.

6.5.1 REMOTE PLACEMENT VEHICLE

The RPV will be a rotational-tracked vehicle mounted to the Powerplant

System Module. The tracks will be lowered from the module during the

powerplant deployment. The vehicle will be used to move the powerplant a safe

distance from the main base. A power cable will be used to transfer the

electricalpower to the base. As the powerplant is moved to the safe distance,

a plow will be used to bury the power cable in the regolith for protection.

Figure 6.5 illustratesthe RPV with the power cable burialplow.

A power estimate was determined using some design proposals results from

Reference 6.1.The data was taken from the Lunar InternationalLaboratory -

Translunar Exploration Vehicle (LIL-TLEV). The LIL-TLEV was six

rotational-tracked vehicles in tandum arrangements similar to a train.Since
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the vehicles were slow moving vehicles (0.45 m/s) and each vehicle was

moving at the same velocity, it was assumed that power has a linear

relationship to the mass of the vehicle. The power relationshipto the mass of

the vehicle is depicted in Figure 6.6. I
SYSTEM MODULE

RE,CTO POWER I

.. |ABLE

PLOW
m

FIGURE 6.5 - RPV and Power Cable Burial Plow _cenario I
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FIGURE 6.6 - Power vs.Mass for Rotational-Tracked Vehicles
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The power estimate can be represented by Equation 6.1 using a best fitcurve of

data from the LIL-TLEV.

Pi_w = 1099.0 + 0.6546 * I11_pv, 6.I

where PRPV is the power estimate (Watts) and

is the totalmass of the powerplant (kg).

The totalmass of the powerplant can be calculated using Equation 6.2.

MRpv = Mre_tor+ Mn_xlule + Mrot._tr_ 6.2

The mass of the rotationaltracks is approximately 4228 kgI.The mass of the

reactor is aproximately 100,000 kg3. The mass of the System Modules is

approximatly 14,500 kg. Therefore, the power required for the RPV is

approximately 80 kWatts.

6.5.2 REMOTE HANIPOLATOR SYSTEH

The RMS will be a remote arm manipulator system which will be used for

several tasks. The RMS will be similar to the LEO Space Station's RMS, thus

detailswill be leftfor future studies.

The RMS will be used for the initialdeployment of the base.The RMS will travel

along tracks installedon each of the modules and it will perform some tasks

such as relocatingthe deployment lever arms.

The RMS will also be used to relocate vehicles such as the FV and MLV; ie from

surface to hangar.An RMS will also be installedon a MLV and it will be capable

of moving and replacing the track system. The RMS will also be capable of

performing some general maintenance requirements to the base and mining
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operation.

6.5.3 MAGNETIC LEVITATION VEHICLE

The MLV uses the basic concept of supporting and guiding the vehicle above a

track by means of magnetic forces. Although numerous inventions have been

devised to harness magnetic forces to provide stable vertical suspension, it

has only been a few years with the advances in superconducting technologies

that any real promise of success has been capable. Since this technology is

still relativelynew, littleprogress was found for a system which could be

used for the Phobos base.

The main objective of the track and vehicle design is to provide guidance as

well as levitationand propulsion.The design must include problems such as

reduction of magnetic drag, route switching, ensuring freedom from

accumulating debris,and heat transfer for the super conducting coils.Since the

design is beyond the scope of this project, the design will be limited to a

conceptual design in hopes of a future study to fillin details.Power and mass

estimates were taken from Reference 3 using simple energy and mass formulas.

6.5.3. I Design of the Tracks

The Phobos Track System will include a seMes of Linear Synchronous Motors

(ISM) which will provide electrodynamic levitationand propulsion.The vehicle

will have a powered or permanent stator magnet and reaction will come from

the tracks.A TrafficControl Computer will monitor the activitiesof each MLV

and with a series of switches will induce motion to the vehicles by

orchestrating the LSM on the tracks.
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All tracks will have a Connecting Track (CT) which will allow small angular

alignments betweeen LSM tracks.The CT will be small in length compare to the

LSM tracks such that the momentum of the vehicles will carry them across the

CT. Each track will have a Small Scale Anchor System (SSAS) comparable to the

base anchor system (Section 4.0).The SSAS will provide reaction for the MLV's

and mining equipment.

Electrical power will come from the powerplant and base through a power

cable. The power cable will have an inter-connecting devise to allow easy

connections between tracks.Figure 6.7 depicts the conceptual design of a track.

STIFFNERS

LINEAR SYNCHRONOUS

MOTOR TR,a

LOAD

ABSORBERS

POWER

CABLE

FLEXIBLE

CONNECTOR

TRACKS

SMALL SCALE

ANCHOR SYSTEM

(STORES UPRIGHT)

FIGURE 6.7 - Phobos Base Track Design
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6.5.3.2 Design of the Magnetic Levitated Vehicle

The MLV will be a generic carrier for the mining operation.The regolithcarts

and RMS will be mounted to the MLV. The MLV will have the necessary

equipment (ie.batteries, connectors) to provide the mining equipment with

electrical power. A vehicle power cable will be connected to the main power

cable when stationary to recharge the vehicle power source. For reaction from

the LSM, the MLV will have permanent magnets or battery excited

electro-magnets. The main power cable will recharge the magnets or batteries

when the vehicle is stationary.The MLV will be able to accelerate or decelerate

using the LSM.

The vehicle will have a suspension system which will absorb any

discontinuities due to surface irregularitieson the tracks. The suspension

I

I

I

I

I

I

I

I
system will also have mechanical wheel restraints.The wheels will provide

reaction for largeperturbations or emergency mechanical braking.Figure 6.8 is

a sketch of the MLV.

VEHICLE

ELECTRO-

LINEAR

SYNCHRONOUS

MOTORS

TRACK

DRIVERS

GENERIC V_HICLE MOUNT POWERCABLE I

WHEEL RESTRAINTS FRAME

I

I

I
FIGURE 6.8 - Magnetic Levitated Vehicle
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6.5.3.3 Power and Mass Estimates for the Track and Vehicle

Reference 2 was used to determine the mass of the track system. Using the

data from the Erlangen test facility, the mass of the magnets were calculated

as functions of thrust and lift. Because of the lack of data for a low speed,

large mass dMver, it was assumed that there was a linear relationship between

the mass of the magnets and force the mass produces. Table 6.1 shows the

results of the Erlangen test.

TABLE 6.I - Erlangen test results

Total Mass I Rated Thrust

Total Mass I Rated Lift Force

18 kg 1 22 N

540 kg / 60 kN

The main vehicle which will have to be shuttled back and forth on the tracks

the most often is the regolith cart. The vehicle mass will be approximately

1875 kg (according to regolithload).Therefore, the liftingforce requirement is

18.4 N. The vehicle will only be liftedapproximately 5 mrn2 above the tracks.

The available liftingforce reduces exponentiallyas the distance is increased.

The track system will be set up so each regolithcart will travelapproximately

2.5 km for one cycle (approximately 3600 s).The LSM will apply an impulse

thrust to accelerate the MLV and the thrust requirement will be calculated

using LW analysis.The impulse duration is approximately 70 seconds with a

thrust of 18.75 N.This will accelerate(0.01 mls z) the vehicle to a speed of 0.7

mls. The vehicle will concievably coast at a constant velocity the majority of

the distance while the liftingforce will be continuous and small compared to
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the thrust.

The energy (using kinetic and potential energy over the time durations) to

complete the cycle required a power consumption of 13 Watts (with a

conservative efficiency of 0.5).The power is relatively small compared to

other power figures because of the low lift and velocity requirements. The

majority of the efficiency loss will be to sensible heat.The total mass of the

track system is approximately 13000 kg with 5 magnets for each track length

(15m).

6.5.4 FLYING VEHICLE

For a preliminary results for the FV, the proposed lunar flyingvehicleI for the

LIL-TLEV was considered. The vehicle was a two man exploratory vehicle

capable of 4 hour duration with a range of 48 km and a maximum speed of 27

m/s This vehicle should be studied further because the environment on Phobos

is 200 times smaller (gravity)than on the Moon. FV mass and power estimates

were 12000 kg and 3.4 kWatts.

6.6 SURFACE LOCOMOTION STRENGTHS AND WEAKNESSES

The main strength of the surface locomotion design effortfor the Phobos base

is the NASA/University design program to present new innovative ideas for

manned space programs. The design effort utilizessome current technology and

advanced technologies which must be developed:

The FV and RMS vehicles are well developed concepts which currently have

many availablesources for a Phobos design vehicle.
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The RPV is a relativelyold design, but the Phobos environment will challenge

any engineer for a successful milli-gvehicle.The greatest advantage of this

vehicle is its versatilityto large loads.The tracks can be easily modified to

give enough traction horsepower for any type of payload.

The MLV is an old design concept, but it will require the new technology of

superconductors to make the MLV an efficient vehicle. The greatest strength of

this vehicle is that the milli-g environment will be an advantage rather than a

disadvantage as for the RPV. The weakness of this type of vehicle design is

that there is relatively few sources available on this subject. There is

considerable concentration on mass drivers for high acceleration and low mass,

but the MLV will require low acceleration and large mass. It is recommended

that this type of propulsion be studied further by developing a math model of

the track system.
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7.0 RECOMMENDATIONS

The main strength of the design effort presented in this report is the wide

range of problems which have been defined for a single mission -- to

industrialize Phobos. Section 2.0 clearly stated the enormous wealth of raw

materials available on Phobos and the currently known processes which can

extract that wealth. Section 3.0 revealed the excellent logistics capability of

Phobos compared to that of the Earth, Earth's Moon and Mars. Section 4.0

through 6.0 demonstrated a milli-g, high vacuum, high radiation environment

may be tamed for industrial purposes using simplistic ideas based on current

technology. Problems requiring technology development encountered during

Phobos base analysis are well defined:

I) mechanical frictiondue to high vacuum;

2) lack of effective heat dissipationdue to high vacuum;

3) lack offullyautonomous space operations due to the infancy of AI

technology;and

4) affects of the excessive radiationexposure.

All these problems are currently being researched and the technology is

expected to be availablefor use on a Phobos base. Several additional problems

introduced in this report should be examined and defined completely. The

following paragraphs suggest projects which are essential for determining the

feasibilityof an industrialbase on Phobos.

From Section 2.0:

Precursory Mission to Phobos (Astronautical Engineering) -- A precursory probe

mission to Phobos should be designed to confirm or deny the properties of
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Phobos which are criticalto the basis of the industrialbase concept.

Market Survey (Material Science) --The composition of Phobos has been

defined (through an assumption), but the demand for the materials Phobos is

capable of delivering have not been defined. A market survey should be

conducted to evaluate the demand for Phobos materials beyond the year 2000.

Possible supply sites should include Earth,Earth's Moon, LEOSS, Mars surface,

asteroid belt and several outer planets.

Storage Cells (CivilEngineering) -- A means to store the materials produce by

the Phobos processing plant should be determined. Storage for cryogenics,

water, stable metals, and other producible goods should all been examined. ,:.,

Processing waste management should alsobe reviewed.

Material Processing Cycles (Chemical Engineering) -- a continuation of the

work presented in Section 2.3.

From Section 3.0:

Phobos mass model (Aero/Astronautical Engineering) -- An accurate mass

model that includes the asymmetrical mass distribution of Phobos could be

derived generated.

A complete proximity operations study (Aero/Astronautical Engineering) -- A

total acceleration gradient field could be generated using C-W equations

modified to accommodate the gravity of Phobos.

Docking procedures (AerolAstronautical Engineering)-- Complete rendezvous
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scenarios with delta Vs and trajectory analysis from possible starting points

could be derived.

From Section 4.0:

Application Module Mounting System (Mechanical Engineering)-- Re-evaluate

the current applicationmodule mounting system discussed in Section 4.3.2.

Anchor System (CivilEngineering) -- Re-evaluation of the current base anchor

design and determination of

anchor for system modules,

anchor design should fulfill

the feasibilityof such a design for use as an

mining vehicle tracks and mining stations. The

all the requirements listed in Section 4.3.3 and

insure the lateralstabilityof the anchored structures.

Deployment System (Mechanical Engineering) -- Re-evaluate the current

deployment system design discussed in Section 4.3.4and 4.4.

Base Structural Integrity(Aero/Astronautical Engineering)-- Design of a truss

structure for the system module which will provide enough stiffness in the full

tower configurationto withstand on-orbit accelerations.An acceleration limit

for the base should be determined.

Manned Interfaces (Mechanical Engineering) -- Definition of the manned

interfaces for a primarily manned and primarily unmanned Phobos base. All

manned capabilitymodules must have access to each other.Special pressurized

maintenance areas for processing and mining maintenance should also be

investigated.
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From Section 5.0:

Coating Techniques and Lubricants for a High Vacuum Environment (Chemical

Engineering) -- lubricants should offer efficient heat dissipation. Coatings

should reduce frictionbetween regolithand scoop.

Scooping Chain Mechanisms, Loading/Offloading Mechanisms, and Module/'I'rack

Interface (Mechanical Engineering) --the scoop chain mechanism should have a

minimum of moving parts, which could eventually clog with regolith.The size

of the scoop should be set according to the production requirements previously

defined and assuming the digging will take place very slowly. The loading and

off-loading of the carts has to take place slowly to prevent the regolithfrom

floating around. The system module for mining should contain all driving and

control systems under the assumption that power will be delivered through the

tracks.

Operations Strategies and Flow (Systems, Electrical Engineering ) -- the

motion of the carts, mining modules and other track vehicles should maximize

the efficiency of the operation. Artificial intelligence will have to be

developed in order to make the operations completely autonomous.

From Section 6.0:

Remote Placement Vehicle (Mechanical Engineering) -- Design of a large mass,

slow moving, remotely piloted rotationaltracked vehicle to be mounted to the

system module of the primary powerplant.
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Magnetic Levitated Vehicle (ElectMcal/Mechanical Engineering) -- Design of

magnetic propulsion vehicles for large mass and slow moving payloads in a

milli-g environment.
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O.O PROJECT MANA6EHENT

Table 8.1 shows the cost breakdowns for the project. Hours were reported

weekly. The project was over-budget by almost $20,000.00. Material costs

were not so severe. Man-hour projections from the proposal were too low.

This ts the reason for the overrun. The bulk of personnel time was spent on

report preparation and dwarfed technical time by a factor of ten.
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Name

Hiss_on Branch

Linda Slifer

daime Chunda

Hiohele Stil_nan

Norman Fenlason

Base Branch

David Soto

Harcelo Gonzales

Robert Baileg

Total :

Total :

Name •

Hission Branch

Linda Slifer

Jaime Chunda

Hichele Stillman

Norman Fenlason

Base Branch

DaYid Soto

Plarcelo Gonzales

Robert Bailey

Total :

Total :

Name

Mission Branch

TABLE 8.1 - IGS Pro_ct Budget

Week 2 Veek 3 Veek 4 Week 5 Week 6

Week 7

6 8.5 2.5 10.5 11

6.5 2 5 6 5.5

4.5 4 9 13 9

9 9 9 12 9

26 23.5 25.5 41.5 34.5

3 3 3 8 5

14 5 6 11 11

6.5 8 5 24 6

23.5 16 14 4:3 22

Week 8 Week 9 Week 10 Week 1 1

25 5.5 34.5 5 20

15 2.5 11 13 9

21 3; 20 20 8

6 6 8 12 14

67 17 "13.5 50 51

9 3 28

15 4 19

6 3 30

_0 10 77

Veek 12 Veek 13

Linda Slifer 24 25

daime Chunda 4 12

Hichele Stillrnan 5 9

Norman Fenlason 10 12

0

I10

0
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T ABLE 6.1 - IGS Project Budget

Base Branch

David Soto

Marcelo Gonzales

Robert Bailey

Total: 43 58

Total:

9 14

15 12

6 25

30 51

Equipment and Supply Costs"

Rental of Small Computer Systems :

Mainframe Computer (Dual Cgbers) Time Costs"

Computer Supplies :

Copying Costs :
Transparencies :

Budget

Personnel Costs

Equipment Costs

Total Cost

Proposed

$27764.00

$4719.oo

$32483.00

Actual

$48717.00
$4988.02

SSSTOS.O2

Ov
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Total Hours

38.5

25

39.5

48

Hourly Rate

$22.00

$is.oo
$I5.oo
$25.00

22 $22.00

47 $15.00

49.5 $22.00

Mission:

Base :

Total Hours

90

50.5

72

46

Hourlg Rate

$22.00

$15.oo
$15.oo
%25.oo

40 $22.0
38 $15o
39 $22.0

Mission-

Base-

Total Hours

49

16

14

22

Hourly Rate
$22.00

$15.oo
$15.oo
$25 .oo

TABLE 8.1 - IGS Pro_ot Budget

PersonnelCosts

$847.00

$375.00
$592.50

$1200.00

$3o14.5o

$484.00
$705.00

$1089.00

$2278.00

$5292.50

$10585.00

$15877.50

Personnel Costs

$198o.oo
$757.50

$1o8o.oo
$1150.00

$4967.50

$880.0
$570.0
$858.0

$2308.0

$7275.5

$;4SSl.O
$21826.5

Personnel Costs

$1078.00
$240.00

$21o.oo
$55o.oo

I
I
I

l

I
I
I

I
I

I
I

I

I
I
I

I
I

I
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TABLE 8.1 - IGS Project Budget

$2078.00

23 $22.00 $ooe.oo
27 $15.00 $405.00
31 $22.00 $682.00

$1593.00

Hission:

Base :

Total Personel Costs =

Total Computer Cost =

Total Printing Cost =

er/Under Budget

$20953.00

$269.02

$21222.02 0YerBudget

$3671.00

$7342.00

$11013.00

$48717.00

$4290.00

$24.69

$13.33

$4328.02

$460.00

$2OO.OO

$660.00

$4988.0
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APPENDIX A - SAMPLE CALCULATION_



ESCAPE VELOCITY

An equivalent mass was computed from the

acceleration at the surface on the plus-X-axis.

computer-program-generated

Phobos equivalent mass backed out from computed acceleration at surface on

+X-axis:

Three body solution:

__= G MIM2
r3

G MIM2

rx- r s rx

r = rx on x-axis

F=M2a

M2a = G I_M2r
r3

a=GI_
r2

GMI =p

p=ar z

Escape velocity:

Vest = _r_

=/2ar

A- 1



a = 0.00358661 m/see"2-

r = 13500 m - I

V_,_3 _ = 9.8407 m/sec I

A-2

Two-body solution:

G = 6.672 x 10-11m3/kg secz

M= 9.8x 1015kg

V__ 2_ = 9.8421 m/sec



TOTAL MASS OF LIQUID HYDROGENAND LIQUID OXYGENFUEL THAT

PHOBOSCAN PRODUCE

H2 that can be produced = 675 250.00 kg

02 that can be produced = 5 412 950.00 kg

mass Oxygen(mo2)/mass Hydrogen(roll2)- 7

H 2 is limiting factor:

I m02 = (7)(ml.12)

I = (7)(675 250.00)

= 4 726 750.00 kg

MASS = toO2 + mH2 = 5 402 750 kg

MASS = 5402 mt

(Totalmass of fuel per year)

from Ref.3.4
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PROJECTEDMISSION FUEL USAGE PER YEAR

FROM PHOBOS:

I TRIP(S) TO MOON

6 TRIP(S) TO MARS SURFACE

12 TRIP(S) TO LMOSS

I TRIP(S) TO SATURN

4.47 X 105 kg

5.52 X 105 kg

10.44 X 105 kg

1.11X 105kg

2154 X 106 kg = 2154 mt
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SUPPLY DELTA V CALCULATIONS

The Space Shuttle carries about 30 000 ft/sec delta V, so thls Is an

approximation of how much delta V It takes to over come the Earth's gravity

well.* The delta V to overcome the gravity wells of other bodies was

calculated using a delta V to mass ratio equal to that of the Earth. This may

not be accurate due to atmospheMc drag or lack of drag, but it should be of the

correct order of magnitude.

30 000 ft/sec = 9.1442 km/sec

R = (9.1442km/sec)/(3.986x 105)kg): 2.2941 x I0-s

&Vbody = (mass of body)(R)

BODY a. km/sec).

Earth 9.1442

Mars 0.9876

Moon 0.1247

SUPPLY &V = &Vbody + AVTabl e 3.2

Dr. Fowler, Professor of Aerospace, University of Texas at Austin
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!

STICKNEY CRATER DAYTIME SOLAR EXPOSURE ESTIMATE i

I
The time that Sttckney crater is exposed to solar radiation must be estimated ii

to determine the annual raOlatlon Ooses for the Phobos base crew and the I

amount of regolith necessary to supply the radiation protection. The small i
eccentMcity (0.015) and Inclination (1.02 °) of the Phobos orbit about Mars were

neglected for the daytime calculations;because of this simplification,the I

Phobos/Mars geometry can be considered as constant as it rotates about the

sun.The sun isassumed to be atan infinitedistance-- solarraysare parallel. I
FigureA.I shows thethree views of Phobos'sorbitaboutMars when the llneof

nodes of the Phobos orbit(referencedto the ecliptic)is perpendicularto the I

llneof sightvectortothe sun. i

= Y _
g 90deg i_z MAXIMUM MARS I

[ _...'.."m Rph,.._ "-X ECUPTICPLANE __,,_,PLANE
::M.,.,_.-:--'m -'_ _:._ .., ,.-x

PHOBOS _.w-!_oj _ _...MARS.. / I
ORBIT _ / PHO8_ _ SOLAR RADIATION

__-_J Z ORBIT INTO PA6E i

SOLAR RADIATION _ ,,=

./ ... \..\ •SOLAR _ _--_,_" \_ y
RAp,AT,ON

-_. - _:-:_.,_,_

FIGUREA.1 - Sun / Mars / Phobos Geometry for Sunlight Calculations
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As Hars revolves about the sun, the line of nodes of the Phobos orbit will

rotate in the ecliptic plane and eventually lie directly on the sun line of sight

vector (assuming Hats Inclination to the ecliptic Is zero). Figure A.2 shows the

Phobos orientation, looking from the sun, when Plats has traversed

approximately 70* relatlve the orientation in Figure A.1.

z PHOBOS

FIGUREA.2 - Shading Geometry Projected Perpendicular to Sun Line of Sight
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The calculations for solar exposure for Phobos are outlined in the following

algorithm. _.

DARK
B

INITB

COSB

d

0

Rm

n

Rph

- TOTALPHASEANGLEOFTHE PHOBOSORBIT THROUGHWHICH STICKNEY IS IN DARKNESS
- ANGLEBETWEENSUN LINE OF SIGHTAND PHOBOSLINE OF NODESVECTORS
- .8 WHEN THEMARS SURFACEINITIALLY SHADES$TICKNEY CRATER
- COSINEOF.8
- HALF THELINEARIZEDDISTANCEBETWEEN INTERSECTIONSOF THE PHOBOSORBIT

PROJECTIONWITH THE MARS SURFACEFOR.8 > INIT.8
- PORTIONOF DARKWHEN MARSSHADESSTICKNEY
- RADIUS OFMARS

- MEAN MOTIONOFMARS ABOUTTHE SUN
- RADIUS OFPHOBOSORBIT ABOUTMARS

calculate Q andadd{)/{byfor 68.76" <.8< 90.0"

0 =0.0

fordays=O, while.8<90.0

B = 68.76 + n* days

r = Rph * cos(.8)

d=Rm*OOS( (r/Rm)* (If/2.0 ))

Q = Q + 2.0 * arctan(d/ Rph )

continue

calculate dark/year for Stickney shaded by Phobos and by Mars

DARK=Q*4 + 180.0"365.0

calculatethe percentageof sunlight peryearforStickney

LIGHT = (360.0" 365.0 - DARK) / 360.0 * 365.0

From this procedure, the percentage of Sttckney daytime per year Is estimated

to be 42.5%
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ANCHOR SYSTEM POWER AND DEPTH ANALYSIS

i POWER REQUIREMENTS:

The power required to rotate the dMIl described in Section 4.3.3 was based on

I the simple relation: .,

P = wT

i where: P = power
w = rate of rotation

T = appliedtorque to dMll shaft

I was based on the desired downforce of the anchor as it drilledT calculated

through the regolith.Figure A-3 defines the variables used in the anchor

I system analysis.

. rds_rl_ rsrl _l

///_// I//A 4gz///// i _ R[SLILTANTRld)I_.
I //

I _,_Z._ :

!

I
I
i

I
I

i

T
_Frcos(B)

±

FRICTIONALFORCE
DUETOI)(PKNFORCE

FIGURE A-3 - Anchor System Variable Definitions
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Integrate the frictionalforce due to desired downforce around the surface of

the anchor blades:

• 2_',.rL 2_ rL
T = / I _ cos( ) r dr d_ + n [" I" _Frr cos(.6)

0_ r_s " rL _ o" r_s rL
• • ;I M III_I11

FRICTIONFORCE
I ! !

LAR_ DIkI_ETERBLADE

O.[2_[p Fr cos(IS) / r 3= 3r L _ L -

= 211 [it Fr COS(.13)

r dr ds

J

SMALLDIN_IETERBLADE

+ n (rs3- r_))] de

• n (rs3- _::_))] d_

The distributed normal force, Fr, is still unknown..Calculated desired

downforce in terms of Fr:

_2_.rL _2_ rL
FD= I I FrrdrcW+-[ I" Frr

o" r_ rL '_J r J r--_drde

- 211Fr (rE2 (rs2 rl_)
rL [ ;_)*n - ]

- l"_Fr *
rE [rL z nrsz-(n+ 1)_,_zl

rearranging:

Fr rLFI)( 1
= _ rL2 + nr,2-(n* !)_ )
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I

I

For small 13=> cos(S) = I (S < I0°),

where I_= tan'l(I_/21/rDs)-

I

I

I

i

I

where: p _

T =

FD =

power

appliedtorque to drillshaft
totaldownforce due to T

Fr = lineardistributeddownforce along blade radius

rDs= radius of drillshaft

rs = radiusof small diameter blade

rL = radius of large diameter blade

n = number of small blades

p = coefficientof friction

J3 = blade pitch angle

ph = verticaldistance between blades

i The following were constants in the anchor power calculations:

I rDs=2"
r_ 6"

w = 30 rpm

i n =6

Ph =2.2"

I

I
At first the desired downforce was held constant at 100 Ibf and the large

diameter blade radius was varied.Table A-I liststhe results of the equations

above.

I

I

I

I A-11
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I

I

TABLE A-I -Torque and Power Requirements for Constant Downforce

BLADEDIAMETER(IN) REQUIREDTORQUE(FT-LBF) REQUIREDPOWER (WATTS)

2 10303 38414345
4 2478 923763
6 1061 395763
8 588 219165

10 382 142383
12 277 103432
14 218 81355
16 181 67664
18 157 58498
ZO 139 51949

ZZ 126 47008

24 116 43113
26 I07 39933
28 100 37266

30 94 34980

Choose T as 100 ft-lbf; therefore, rL = 28". Solve equations for P:

P = 37285 Watts.

DEPTH REQUIREMENTS:

Calculate weight of regolith directly above large diameter blade:

W =mg

= pVg

= p(2_(rL2 - rDs2)h)g

W = 2rJpgh(rL2 _ rDs2)

i

where: m = mass I
g = acceleration of gravity

i

p = regolith density I

A- 12



V = volume of regolithabove largediameter blade

h = depth of large blade beneath regolithsurface

Calculate verticalshear on "walls"of cylindricalmass of regolith:

s =_(A)

= a(2nrLh)

I S = 2_rLh_

= shear force

= cohesive strength of regolith

= surface area of "cylinder"

Total anchor capacity is W + S:

Fa =W+S

F_ = 2_h(pg(rL2 - rDs2) + rcd)

The total anchor force, Fa, has a linearrelationship with the anchor depth.

Applying the following constants:

I where: S

I

I

I

I

i
g = 0.004mls

= 0.I N/cm 2

I p = 2 g/cm 3

I

i

I

I

rl)S= 2"

rL =28"
h =2Oft

yields:

W =2511bf

S = 1377 Ibf

Fa = 16281bf.

I A- 13



BASE MASS ESTIMATES

Each face of a system module possesses 112 - 6 foot elements and 76 - 8.5

foot elements. Each system module has 8 faces => 896 - 6 foot elements and

608 - 8.5 foot elements or 10535 feet of truss elements per system module.

Assuming each element has a radius of 1 inch,then the volume of allthe truss

elements in a SM is 230 ft3. Assuming the truss material is a graphite/epoxy

composite with a density of 0.07 Ibm/in3 the mass of the truss elements is

27,800 Ibm or 12610 kg.Adding 15% for joint mass => Each system module has

a mass of 14,500 kg. With an average of 100,000 kg payload per module (as

presented in Section 4.4.8),the total average mass of a system module is

114,500 kg;and the mass of the entirebase becomes 801,500 kg or 883.5 tons.

A- 14
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I

REGOLITH DEPTH ESTIMATE FOR RADIATION PROTECTION

From reference 4.5, the method to calculate the thickness of a material to

supply totalprotectionfrom radiationsources is detailedbelow.

Variables:

T - material thickness

D - material density,g/cn_

E - particleenergy levelin MeV

Calculations:

A = 556.0 * In( 1.0+ 5.48* 10-6* E1-e)

B = 1.0- 1.667 * e"1"386•46

T=A*BID

From these calculations,using D = 1.5g/cn_ for Phobos regolith,energy levels

of E = 103 Mev and E = I02° total shieldingregolithdepths of approximately 2.3

meters and 171.6 meters respectively.

A- 15
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PATCHED CONIC DELTA V PROGRAM WITH FUEL USAGE COMPUTATIONS

This program calledCondv was used to compute delta Vs and fuel requirements

for interplanetarymissions. Itused a patched conic analysis to compute the

delta V required for the mission, and it used an Ispalgorithm to compute the

mass of fuel requiredfor the mission.

For the patched conic transfer computations and the fuel mass computations

allthe inputparameters are in metric. Kilometers are used instead of meters.
b

The output values following the program are listed in metric units unless

otherwise specified.
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(
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[
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C
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C
C
C
C
C
C
C

C
C
C
C
£

£
£
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C
C

2O

C
C

3O

PROGRAM CONDV ¢ZNPUTtOUTPUTI TAPE 5=INPUTgTAP[ G=OUTPUT)

THIS PROGRAM WILL CALCULATE THE DELTA VS USZNG A CONIC SECTION
SUBROUTINE°

PARAHET[R D[F[NZTIONS:

MU - GRAVITATIONAL PARAH[T(R (KN3/SEC2)
RS - RAOZUS FROH Ti'_ SUN (KN)
VP -VELOCZTY OF PLANET (KH/SEC)
RP[R] - RADZUS OF ORDZT AROUND PLANT[ (KM)

VCXRC -V£LOCITY OF ORBIT AT RPERZ (KN/SEC)

INPUT PARAR[T[RS

R1 - RADIUS OF PLANET 1 FRON SUN (KH)
R2 -- RADIUS OF PLAN[T 2 FROfl SUN (KN)

NU1 - GRAVITATIONAL PARAHETER OF PLANET I (KN3/SEC2)
HU2 - GRAVITATIONAL PARAH[T[R OF PLANET 2 (Kfl3/S[C2)
RP[RZ1 - ZN[TIAL RADIUS AROUND PLANET • (KN)
RP[R12 - FINAL RADIUS AROUND pLAN[R 2 ¢KH)
NPAYLO - MASS OF PAtI-OADISTRUCTUR[ (KG)

ABBREVIATIONS
[ - L[O SPACE STATION

K - HANS
d -JUPITER
S - SATURN
P - PHOTOS
L - LUNAk BASE
A - LNO SPACE STAT]OK

U - URANUS
N - N_PTUN[
SU_ - SU_

REAL MUloHU21MUEIHUHwHUJtNUSeNUPt_ULtHUA
REAL _PAYLUoffiFUELtffiTOTIZSPtlIUUtMUN

CALCULATE DF'LT,& V FROIq PI-IOBOS TO LEOS_
CALL PHObOS '(RltPIUltRP[R,;1)
CALL LEO_-S (R2,HU2tRPER12)
CALL CONIC (RlIR211qUloRU2gRPERI1eRP[RI2tDV10T)
IqPAYLD=2OO000

CALL FUEL (DVTOTtltPAYLDIHFUEL)
WRITE(t:oXO) DVTOTeHFU[L

FORIqAT (eleeopHOI_OS TO L[OSSOeT20tF12e61 • KR/SECet
TqlOoE12oboO KG o )

CALCULATE DELTA V FRQlq PHOBOS TO LUNAR BASE
CALL LUNAR (R29RU2oRPFRI2)

CALL CONIC (RIIR2sHUlgflU2oRPERIloRP[RZ21DVTOT)
CALL FUEL (DVTOTeRPAYLDeRFUFL)
MRITE(bo2 O) QVTOT wlqFU[L
FORMAT (wPItOBOS TO IqOONlgT2Ol[X2o6j • KH/S[Cet
TdiOo[-12°F_e e KG • )

CALCULATE DELTA V FROM PHOBOS TO JUPITER

CALL JUPIT[R (R2eHU2oRPERZ2)
CALL CONIC ¢RltRZIP, UlolqU2tRP_RTloRPERI2tDVTOT)
RPAYLD=IC O0

CALL FUEL (DVTOTeRPAYLD_HFUEL)
WRITE (6o30) DVTGTeHFU[L

FORMAT (epHoBos TO JUPIT[RttT20tE12e61 e Klq/SECme
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CALCULATE DELTA V FROi_ PHOUOS TO SATURN
CALL SATURN (R29RU21RPERI2)

CALL CONIC (RloR2oFIUItRU2oRPERIloRPERI2oDVTOT)

CALL FUEL ¢DVTOTtflPAYLDoPlFUEL)
WRITE i6o40) DVTOTtlqFUEL

FORMAT EtpFIOBOS TO SATURN°oT201E22.&I o KH/SECtt
T4OtE12.6t t KG t)

t

CALCULATE THE DELTA V FROH PHOBOS TO URANUS
CALL URANUS ¢R2tRU2oRPERI2)
CALL CONIC (RloR2olqUloHU2tRPERIltRPi:RI2tDVTOT)

CALL FUEL (DVTOToFIPAYLDelqFU[L)
WRITE (GIITO) DVTOToHFUF_L
FORNAT (tPHOBOS TO URANUSeoT20oE12.Ge t KR/SrCtt
T41)oEI2.Et t KG o)

CALCULATE THE DELTA V FROll PHOBOS TO NEPTUNE
CALL NEPTUNE (R2sHU21RPERI2)

CALL CONIC (EltR2tHUloHU2tRPERIltRP_I[2oOVTOT)
CALL FUEL (DVTOTeHPAYLCoNFUEL)
WRITE ¢6s180) DVTOTIMFUEL
FORMAT (tPHOBOS TO NEPTUN[ttT201E12o61 t KII/SECem
T41OeE).2._.o e KG t)

CALCULATE DELTA V FROM tlAR.S TO LEOSS

CALL EARS (RloHUlmRPERI1)
CALL LEOSS (R2:HU2oRPERI_)
CALL COKIC (i_ltR2eFIUIIHU21RPERIIIRPERI2tDVTOT)
ltPAYLD=2 ._OOOO
CALL FUEL (DVTOTeRPAYLDtP, FUF'L)
WRITE (bmSO) DVTOT_HFUEL

FORHAT (IRARS TO L[OSS IIT2OiEl2e6lm KR/SECel
* T4OIE12.,E|e KE e)

CALCULATE DELTA V FROH EARS 10 THE !I001_
CALL LUNAR (R2eHU2mRPERI2)
CALL CONIC (RltR211_UItHU2tRPERZleRPERI2tDVTOT)

CALL FUEL (DVTO]elqPATLDoHFUF..L)
UNITE ¢&o8G) DV]CTtHFUEL
FORI_.AT (I'I_ARS TO THe" NOON tsT2OtE12.6te Kn/SECet

• T4bOiE12.E, iI KG e)

CALCULATE DELTA V FROM HARS TO JUPITER
CALL JUPITER (R2oMU21RPERI2)
CALL CONIC |RlIR2oMU1tHU21RPERIIIRP[R129DVTOT)
RPA YLD=I _ 0 0

CALL FUEL ¢DVTOTeHPAYLDolqFUEL)
NRIT[ (Go&O) OVTOTtlNFUi--L

FORNAT (eNARS TO JUPITER OtT2OtE12.Gi e KHIS[Cto
- TqOtE12.60e &G ° )

_k

CALCULATE DELTA 1/ FROH NAR_ TO SATURN
CALL SATURN (R2tFIU2oRPERI2)

CALL CONIC (RloR2sFIUloFIU2tRPERTltRPERZ2tDVTOT)

CALL FUEL (DVTOToRPAYLDoRFUEL)
MRITE (&oTO) D1/TOTolqFUEL
FORIHAT (IHARS TO SATURN VeT20oE12eEe e KH/SEC_

T_O_[I2.Lo _ i[6 o )

CALCULATE DELTA 1/ FROI_ HARS TO URANUS
t_-_-_-
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CALL URANUS tR2tMU2tRPER[2)

CALL CONIC (RIIR21MU19HU2 IRPER ZI,RPCR Z21OVTOT)
CALL FUEL (DV|OTjNPAYLDIHFUEL)
MR[TE ((:t190_ DVTOTtRFUFL

FORMAT (eNARS TO URANUS'sT201E12.61g KN/SF'C'!
T401_12.£,t t KG I)

CALCULATE DELTA V FRCM FIAR5 TO NrPTUNE
CALL NF-PIUN[ (R2tHU2tRPER12)

CALL CONIC (R11R211qUloMU2IRP[RZIIRP[RI2tDVTOT)
CALL FUEL ¢DV]OTIHPAYLDsRFU[L)
WRITE |61200) DVTOToMFUEL

FORHAT (eHARS TO N[PTUNEOtT20oE12eSot DLqlS[CIo
i T40o[12o5i" KG o)

Sk

CALCULAT( DELTA V FROM THE MOON TO I.ROSS
CALL LUNAR (RIIHUIIRPFRI1)
CALL LMOSS (R2IMU21RPER]2)

CALL CONIC (R19R2Ii_U1tRU21RPERZ1eRP[RX2tDVTOT)
MPAYL_=2_O00 O

CALL FUEL (DVTOTtMPAYLDoHFUKL)
WRITE (&,90) DVTOTsMFUCL

FORMAT ('/lOCI9 TO LHO_,_ eeT201112o61e KH/SECOt
T4OoE12°69 t KG I)

CALCULATE G[LTA V FROM THE. FIO0_: TO MARS
CALL IqAES (R_tMU21RPERI2)

CALL CONIC (RIIR21MUlgHU21RPERIltRPERX21DVTOT)
CALL FUEL (DVTOTeMPA?.LDIMFUEL)
i/RITE; (_tlOO) DVTOTcMFUEL

FORK_T (IHOOK TO MARS IIT209E12.6tl KM/SECII
'J T40IEZ2o_s" KG t)

CALCULATE DELTA V FROM MOON TO JUPITER
CALL JUPITER (R2eMU2tRPERT2)

CALL CONIC (i_lIR2IFIU1oMU21RPERlltRPERZ2oDVTOT)
IqPAYLD=lC I)O

CALL FUEL (DVTOTeNPATLDoHFUEL)
WRITE ¢(_,110) DVTOTtl_FUEL

FORMAT (tFICON TO JUPITER "eT20tE12°6g • KR/SECeI
• TAOIC12e¢,|o KG e)

CALCULATE D[LTA V FROH ROON TO SATURN

CALL SATURN (R2sMU2eRP[RI2)

CALL CONIC (RI_R2elqUIIMU2_RP[RXI_RPERZ2eDVTOT)
CALL FU[L (OVTOTsHPATLDeMFU[L)
WRITe- (8e120) DVTOT_qFUEL

FORMAT (eROON TO SATURN 'lT20iFX2e_l • I(R/SF'Ce I
I* T4O_[12o(,_e KG e)

/k

CALCULATE DFLTA V FROH llOON TO URANUS
CALL URANUS (R2sMU2tRP[R12)

CALL CONIC (Rl_R2tFIUltMU2_RP_RT1,RP_-RZ2_DVTOT)
CALL FUEL (DVTOTelqPAYLDeflFUEL)
WRITE ¢_210) DVTOT=RFUEL

FQR_.AT (IROON TO URANUSOeT20_E12oOs. KM/SECm:
TeiOtC12o_e • KG e)

CALCULATE DFLTA V FROM MOON TO NEPTUNE
CALL NEPTUNE (R2sMU2tRP[RI2)

CALL CONIC (i_1sR2sMUl_HU2_RPERI1sRPF.R12sDVTOT)

CALL FUEL (DVTOTtlqPATLDsRFUEL)
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MRITE ¢61220) DVTOTIMFUEL
FORMAT ('MOON TO NEPTUNEOIT20,E12eGI t rJIISECZo

|40zE12o6," KG e)

CALCULATE DELTA V FROM MOON TO PHOBOS

CALL PHOBOS(R2,HU2oRPERI2)
CALL CONIC iRloR2oMUloMU21RPERI1.RPERI2,DVTOT)
MPAYLD=2GO000
CALL FUEL (DVTOTwHPAYLDeRFUEL)

MRZTE ¢6o320) DVTQTeflFUEL
FORHAT ('mOON TO PHOBOSOIT201E12-G: e KfllSECeo

• T40eE12o£e: KG v)

CALCULATE DELTA ¥ FROM LHOSS TO JUPITER

CALL LflOSS (RI,NU1.RPERI1)
CALL JUPITER (R2tflU2eRPERI2)

CALL CONIC (RlIR2gMUlgHU21RPERIltRPERI21DVTOT)
NPAYLD=XGO0
CALL FUEL ¢OVTOT.RPAYLOgRFUEL)
HRITE (6¢130) DVTOTIMFUEL
FORMAT (ILMOSS TO JUPITER "sT20tE12e6s e KMISECIt
TqOtE12o&t" _6 t)

CALCULATE DELTA V FROM LHO:S TO SATURN
CALL _ATURN (R21MU2oAPERI2)
CALL CONIC (R1;R2IMUlIMU2tRPERZlIRPER]21DVTOT)

CALL FUEL (DVTOTtRPAYLDIRFUEL)
_RITL (6slqO) DVTOT,RFUEL
FDRP*T (eLMOSS TO SATURN etT20eE12o&e I KHISECII

• T_OsE12°Le w KG t)

CALCULATE DELTA V FRO_ LMO.';S TO URANUS
CALL URANUSIR2tMU2IRPERI_)

CALL CONIC (RIIR2tMUltMU:_tRPER][1.RPERZ2wDVTOT)
CALL FUEL (OVTOTtMPAYLDmMFUEL)
IdRZTE (E,1230) DVTOTIRFUrL
FORKAT (eLMO_S TO URANUS WoT201E12.6s I KR/SECIw

• T401_12°_I" KG t)

CALCULATE DELTA V FROM LflO.'_S T._ NEPTUNE

CALL NEPTUNE (R2sMU2.RPER12)
CALL CONIC (Rll, R2•MUlIMU2oRPER]ltRPER]2tOVTOT)
CALL FUEL (DVTOTeNPAYLDeHFU_'L)
WRITE (6e240) DVTOTtRFUEL
FORMAT ('LHOSS TO NE.FTUNE °eT20tEX2°Gs" KRISECew

" T4OoE12o6," KG _)

CALCULATE DELTA V FROM LMO_S TO L[OSS
CALL LEOSS (R2,RU2tRPERI2)
CALL CONIC ¢RleR2t PJJleNU2_RPERI1;RPERI2,DVTOT)
flPAYLD=2DOOOG
CALL FUEL ¢DVTOT_RPAYLDtRFUEL)
MRITC (_s250) DVTOTwHFUEL
FORMAT (wLHOSS TO LEOSS eeTZCeE1206t_ KHISECe_

* 140sE12°¢= e KG I )

CALCULATE DELTA V FROM LHOSS TO NOON
CALL LUNAR (R2_NU2tRFERI2)
CALL CONIC (RZeR2sMUIIMU2IRPERZlsRPER12tDVTOT)

CALL FUEL (DVTOT_NPATLDeMFUEL)
MRZT[ (_s310) DV;OT_RFUEL
FORMAT (_LHOSS TO ROONI_T20eE12o6t I KRISECe,
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CALCULATE DELTA V FROM L[O:S TO JUPITER

CALL LEOSS (R1oFIUlIRP[RZ1)
CALL JUP][TER (R2tRU2oRPERZ2)
CALL CON][C ¢RloR2IMUIIMU21RPERZIIRP[R1r2oOVTOT)
IqPAYLD=I _)O0
CALL FUEL (DVTOT tRPATLDoRFUEL)

IdRITC ¢6o150) OVTOTeflFUEL .-
FORMAT (eLEOSS TO JUP][TER WiT20eE12eGo _ KR/SECJo

e |40eEX206oe KG I)

Q

CALCULATE. DELTA V FROH LE.OSS TO SATURN
CALL SATURN (R2_NU2IRP[R][2)
CALL CONZC (RItR21MU1tMU2IRPE.RXlIRPE.RZ2tOVTOT)

CALL FUEL (DVTOToRPAYLDoRFUEL)
IdRIT((_o160) OVTOTtHFUEL
FORMAT (tLE.OSS TO SATURN IgT201E12°Gt I KM/SECIo
T40eE12o/._l o KG e)

CALCULATE DELTA V FROM L[O_S TG URANUS
CALL URANUS I[R2slqU2oRPERZ2)
CALL CONZC (RI_R,2tlqUloNU2 IRPER][lsRPER ][21DVTOT )

CALL FUf.L (DVTOToRPAYLDoI_FUEL)
WRIT_ (_,o260) DVTOToHFUF'L
FORMAT (eLEOSS TO URANUS WtT20eEZ2o6oe Klq/S[CWl

t T40tE12e_l • KGO)

CALCULATE DELTA V FROM L[OSS TO NEPTUNE

CALL NEPTUNE (R?.tHU2oRPERZ2)
CALL COhIIC (R11R2_MU1oMU21RP:_RZ1tRPERI21DVlO])
CALL FUEL t[DVTOTolqPAYLDeiqFUEL)

MRZTF. (&s2TO) OVTOTeI_FUEL
FORMAT (tLEO_S TO NEPTUNEItT20t_12oEo e KH/S_-CII

t, T4 OoE12oF. o • KGe)

CALCULATE" D[LTA V FROM LEO_S TO LMOSS
CALL LHO_.S (R2oMU21RPERI_)

CALL CON][C (RlIR2IRU1oMU;_tRPERI1tRP[RI2tDVTOT)
RPA YLD=2 D 0 O0 O

CALL FUEL CDVT01 oHPAYLDt_FUF_L.)
MRZTE (6t280) OVTOTtNFUEL
FORMAT (eLEOSS TO LROSStoT20_E12.Ge e KIq/S[Cee

,* T40eEZ2o£eo EG e)

CALCULATE DELTA V FROM LEOSS TO PHO50S
CALL PHOflOS (R21NU2oRPER12)
CALL CONIC (R1sR2oRU1_flU2oRPERZl_RP(]tI2oDVTOT)

CALL FUEL (DVTOToRPAYLDsHFUEL)
MRIT[ ¢6_270) DVTOTeRFUEL
FORMAT (eL[OSS TO PHOBOS°tT2Oe[12.6o ° I(Iq/s[C_e

• _Oe[12e_ee IG o)

CALCULATE DELTA V IFROR LI:'OS_ TO RARS

CALL HARS (R2 eHU2oRP_-R12)
CALL CONZC (RltR2_RUloNU2oRPERZ1 oRPE1P. I2eDVTOT)
CALL FUEL (DVTOT_RPAYLIDIRFUE.L)

MRITE (£,i300) DVTOTeRFUEL
FORMAT (eLEOSS TO RARSeoT20eEX2o6t e KH/SECW_
T_tO_EZ2e6_w KG I)

:;TCP
,_- _-_
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SUBROUTINE PHOUOS (RSHslIUHtRPERIP)
REAL RUM
RSM=227°S[6

RUM=4o3OSEq
RP[R IP=9 Z78

Rr..vURI
END

SUBROUTINE lIARS (RSIIIRUIqmRP[J_IH)
REAL RUM
RSPI=227.816
NUiq=4°305[4
RPFRIR=338r,

RETURN
F'ND

SUBRGUTINE LUNAR (RS[tRUEsRPERIL)
REAL HUE

RUe=3.gB (. E5

RPERIL=3_;4400
RETURK
LND

SUr_ROUTINE LHOS$ (RSHtMUHwRP[RIA)

REAL RuIq
RSlq=227°SE_
RUIq=4.3O 5E4
RPERIA=3537.C3

RETURN
END

SUHROUTINE L[O_$ (RSEoI_UEwgPERI[)
REAL flUE

RSE=149 ..5[(,
FIUE=3°98_.E5
RPERIE=6JB4z

RETURN
END

SUBRQUTZN[ JUPIT£R (RSJmlqUJmlkPERIJ]
REAL RUJ
RSJ='/7816
IqUJ=lo2_8 E8
RPERIJ=Tl&66.32

RETURN

SUBROUIlNE SATURN (RSSslRUSIRPrJRIS)
REAL RUS
RSS=142&E6
RUS=3.795[7

RPERIS=6 b696o32
RETURN
r_.ND

SUBROUTINT- URANUS ¢RSU,NUUoRPERZU)
REAL RIJU
RSU=_8(aS[6
HUU-_-82 nE6
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RPERZU=2382bo32
RETURN
END

SUBROUTINE NEPTUNE (RSNeHUNeRPERZN)
REAL RUN
RSN=#q94E6
RUN=6.B9616
RP[RIN=2261G.32

RETURN

END

SUBROUTINE CONIC ¢R2,R2tHUl:NU21RP[RllIRP[RI2eOVTOT)

THIS SUBROUTINE MILL CALCULATE A PATCII[D CONIC DELTAV MH[N

GIVEN THE FOLLOMZNG DATA:
R1 - RADIUS OF PLANEt 1 (KN)
R2 - RADIUS OF PLANET 2 (KN)

HUI - GRAVITATIONAL PARAHETER OF PLANET I ¢KM3/S[C2)
HU2 - GRAVITATIONAL PARARETER OF PLANET 2 ¢KN3/S[C2)
RPERll - INITIAL RADIUS ABOUT PLAN£T 1 (KN)
RPER[2 - FINAL RADIUS ABOUT PLANET 2 (KN}

OUTPUT PARAMETERS
DVTOT - TOTAL DELTA V TO DO TRANSFER

OTHER PARAHETER DEFINITIONS
VP - VELOCITY OF PLANET
VCIRC - CIRCULAR VELOCITY AROUND THE PLANET

VT - TRANSFEK VELOCITY

REAL _USUNmHUltHU2

IRUSUN:l.327£11

TRANSFER ENERGY
[NERGY :-HUSUN/(R 1+R2)

FIRST TRANSFER VELOCITY

V T 1 :SQRT ( 2* (KUSUN/K I*[NERGY) )
VELOCITY OF PLANET 1

VPI:SGRTIMUSUN/R1)
V ZNFINITY AT PLANET 1

VXNFI=VTI-VP1
V AT PERZAPSIS AT PLANET 1

VP[RII:SORTIVINFI*e2*2eRUI/RP[RI1)
CIRCULAR V[LOCXTY AT PLANE1 1

VCIRC1==SGRT(RU1/RP[RI1)
OELTA V •

OVI=ABS(VPERI1-VCIRC1)
SECOND TRANSF[R VELOCITY

VT2=SGRT¢2*¢MUSUN/R24[N[RGY))

VELOCITY OF PLANET 2
VP2=SORTKHUSUN/R2)

V INFINTZY AT PLAN[T 2
VINF2=VT2-VP2

V AT PERZAPSZS AT PLANET 2
VP[R12=SQRT(VINF2te2*2tRU2/RP[RI2)

CIRCULAR VELOCITY AT PLANE1 2

VC IRC 2 =SQRT (MU2/RP [R12 )
D[LTA V 2

D V2:ABS (VPERI2-VCZRC2)
TOTAL DELTA V _-Ir=- ?
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DVT 01:DV I't'DV2
RETURN
£ND

SUBROUTINE FUEL (DVTOTmFIPAYLDtMFUEL)

R[AL MPAYLDtMFU[LmMTOTI]SP

PARAlqCTER DEFZNTION$

DVTOT - TOTAL DELTA V ¢KM/SEC)
HPAYLD - HASS OF PAYLOAD/STRUCTURE (KG)

NFUEL - RASS OF FUEL (KG)
ISP -SPEC]F]C ZRPULSE (SEC)
G -- GRAVZAT[ONAL ACC[LERAT[ON OF EARTH (KHISEC2)
ffTOT - ZNZTIAL/TOTAL HASS OF VEHICLE (KG)

INPUT PARAflETERS
XSP=36C
G=oOOgBOE_5

CALCULATIONS
RTOT=RPAYLDeCXF(DVTOTI(ISP*G))
MFUEL=_TOToMPAYLD
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PHOBOS TID L[OSS
PIiOBOS TO RO01_
PHOBOS TO JUPITER
PHOBO_. TO SATURN

PtIOBOS T3 URANUS
PHOBOS TO NFP'[UNF"
HARS TO LEOSS
HARS TO THE NOON

NARS TO JtLJP1rTER
RARS TO SATURN
MARS TO URANUS
HARS TO N£1PTUNIF
NOON TO LMOSS
HOON TO KARS
MOON TO JdUPZTER

HOON TO SATURN
NOON TO URANUS
NOON TO tI[PTUNI:"

NOON TO PHOBOS
LNOSS TO _IUP][T_
LNOSS TO SATURN
LHOSS TO URANUS
LHOSS TO NEPTUNE

LROSS TO LEOSS
LROSS TO FtOON
LI;'OSS TO ,dUP,I[TI:'_
L[OSS TO .._ATURN

LEOSS TO LIRANUS
LEOSS TO NEPTUNE

LEOSS TO LMOS$
LEOSS TO PHOTOS
LEOSS TO IqAKS

°5.43923[* Ol KN/S[C
.414339[*01 KM/SEC
.220521[÷ 02 KI_/SEC
.166547£*02 KR/SEC
.139544E*02 KNISEC

°150246E*02 KM/SEC
.568811E÷01 KP,/SE C
.43922"/E÷ 01 KMJSEC
.21"/596[* 02 KIIISEC
.161738E*02 KII/SEC

.133722[`*.02 KI_ISE C
°144083(÷02 KR/SEC
.437231E÷01 KIq/SE C
.439227r* 01 KIN/SE C
e255851E÷02 KIq/SE C
°2 01478[*02 KM/SEC
.173268E*02 KR/SEC
°182908E+02 KII/SEC
°414339E'*'01 KIIJSE C

0217664[* 02 KNOSEC
.161915F'÷ 02 KII/SEC
° 133960E+ 02 K_i/SEC
°1443't2[* 02 KII/SEC
0566616[.÷ 01 KR/SEC
o437231E+01 KF/SEC
*239819£÷02 KII/SEC

*180556[* 02 I_ii/S[ C
°149425[* 02 KII/S_'. C
°158180£*02 KI_/S[ C
.566816E* 01 KR/ST. C
.543923E*+ 01 KII/SEC

°568811[+D1 KH/SE C

.733559E÷0_ K6
044 6744r'*'06 KS,
0515136E*Ob KS
0110891E*06 K&
.510735E÷D5 KS

.69511GE*05 K6

.BO 174&E÷06, KG
oq93982E'016, KS
.4.74 O86r'÷D6 KG
0966412E÷05 KS
°431563E*05 KS

.58 2173E*it5 KG

.490071['*'0G KS
el193982E'*'O6 KS
.140300E*07 KS
°299951r÷06 KS
°133970E*D6 KG
°176852E*D6 KS
.4dr It,7 et4[*O6 KS

.475006E*06 KS
*971328EtG5 KG
.434554E-05 KG
.586539E÷05 KG
.796100E÷06 K&
°490071E÷06 KG

*890576E÷06 KG
.16539IS*GO KS,
.678905E÷05 K6
.872797E÷05 KG
.796100E*OS K_
.733559E÷06 KS,

.801746E+OG KG



HOHMANN TRANSFER DELTA V PRO6RAM WITH FUEL USAGE

COMPUTATIONS

This program called Hohdv was used to compute delta Vs and fuel requirement

for missions about one planet. HohdY uses a generic Hohmann transfer analysis

to compute the delta V required for the mission, and It used an lip algorithm to

compute the mass of fuel required for the mlsslon.

For the Hohmann transfer computations and the fuel mass computations all the

input parameters are in metric units. Kilometers are used instead of meters.

The output values following the program are also metric units.
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

C
C
C

C

C

C
C

10

C

C

20

C
C

3O

C

C

40

C
C

5O

P&OGRAH HOHDV (I_PUTtOUTPUTeTAPE 5=INPUTt TAPE 6=OUTPUT)

Tills PROGRAM klZLL COMPUT HOHHAklN TRANSFER DELTA VS

REAL HUHARSeHUERTHtHU
I_AL NPAYLUeHFUELtH]OTeZSP

INPUT VARIABLES
•RPHOD=93 76
IR.LNOSS=353T. 03
AMAR$=3380
RI_OON:38 44)0 0
RLIrOSS=6841
RU PIAR S=4.30 S/4

MUERTH:3.986[5
tHPAYLD:2 00000

FZND DELTA V FROM PHOBOS TO LHOSS
al:RPHOB
R2=RL_DS$
MU:HUKAR$

CALL HOHHA_ (R1,R2o_UgDV)
CALL FUEL (DEoMPAYLD,HFU[L)
_RIT((6t10) DMtHFUEL

FORKAT (IlltePHOBOS TO LMOSSegT20tE12.Gt o KMISEC I,
* 340tE12.6t' KG')

FIND DELTA V FROM PHOBOS TO RAK$
RI=RPHOU
R2=RKARS

CALL HOHHAN (RltRg,KU,DV)
CALL FUEL (DV,MPAYLDtNFUEL)
_RIT[ ¢bt20) DVtRFU[L
FORHAT ('PHOTOS TO HARSItT20tE12-6t " K_/SEC's

* 3_OtE12o6e" &6')

F_ND DELTA k FROM MARS TO LMOSS
RI=RMAR$
R2=RLMOSS

CALL HOhHAN (RltR2:HU,DV)
CALL FUEL CbVIMPAYLDtHFU£L)
• RITE (6,30) DVeHFUEL
FORMAT ('MARS TO LHOSS'oT20g(12.St • KI_SEcee

• 440tE12.6e • K6')

FIND DELTA V FROM LROSS TO PHOBOS
R1=RLHOSS
R2:RPHOB
CALL NOHMAN (RIIR2tHU,DV)

CALL FUEL (DVIMPAYLD,MFUEL)
MRXTE (6t40) GVtNFUEL
FORHAT ('LMOSS TO PHOBOS',T20,EX2e6te KM/S[Cel

m 440,E12e6e • KGe)

FZND DELTA V FROPI lIARS TO PItOBOS
RI=RMARS
R2=RPHOB

CALL HOHHAN (RloR21HUeDV)
CALL FUEL (DVslqPAYLDtMFUEL)
IUlRITE (6,50) DVtlIFUEL
FdDRPIAT (II_ARS TO PHOHOSttT20tE12°6t t KIqlSEC't

_-I_-I



60

C
C

7O

C
C

C

C

C
C
C
C

C
C
C
C
C
C
C

C

C

C

* _[40tE12.bte K6 I)

FIND DELTA V FROH LHOSS TO MARS
A 1 =R LHOS S " '

R2:RI_ARS ICALL HOHHAN (RitR2tMUeDV)

CALL FUEL (OVIIIPAYLDeRFU[L)

MRITE (6_60) DVIHFUEL i
FORMAT (eLHOSS TO HARSOtT20tE12°&9 I KH/SECIt |
J409112.Gel KG e)

FIND DELTA V FROH LUNAR BASE TO LEOSS
AI=RROON

R2=RLEOSS
IIU:MUERTH

CALL HOHItAN (RIoR2eFIUIDM)
CALL FUEL (DVtlIPAYLDIHFUEL)
LIRITE (6t70) DVtHFUEL
F.ORHAT (IHOON TO LEOSS eoT209[12eGt • KI_SEC el

• J40eE12.691 KG e)

FIND DELTA V FROH LEOSS TO LUNAR "BASE
RI=RLEOS$

Jr2 =R _ OON
(;ALL HOHP_AN (RIIR2tHUIDV)
CALL FUEL (OV,NPAYLDtHFU[L)

S/RITE (6t80) [JV_HFUEL
FORMAT (eLEOSS TO NOONe_T20t[12°Bl• KM/S[Cet

* 4401E12.61' KG')

Sl OP

EqD

SUBROUTINE hOHHAN (RltR2tRUtDV)

P,[AL PIU

PkRAHETER DEFINITIONS
kl - RADIUS OF FIRST ORBI1
J_2 - RADIUS OF SECOND ORBIT
MU - GRAVIAT|ONAL PARANEI£R (KR/SEC)
J)V - DELTA V (KH/SEC)

IrIIERGY - ENERGY REQUIRED FOR TRANSFER ORBIT
I_1 - VELOCITY NEED AT ORBIT I 10 GET TO ORBIT 2
MCI - CIRCULAR VELOCITY OF ORBIT 1

CALCUL ATIONS

E_ ERG Y =-tqU I ( RI*R2 )
Vl J=SOR T (2* (HUIR I_ENERGY) )
VC I:SGRT (ItU/R 1 )
DV I:AB S ( V1-VC 1 )

V2 _SGRT (2* (RUIR2_ENERGY))
VC.R:SORT(HU/R2 )
DV 2:AB$ (VC2-V2)

DV =DV1-DV2
R.EJIURN
E'_t)

SJBROUTIN[ FUEL (DVtNPAYLDtRFUEL)

I_AL HPAYLDtRFUELeRTOTtISF
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i
I

I
I

I
!
I

!

I
i
I
I

I
I
!

I
i

i
!

C

C
C

C

Z_,IPU T PARAMETERS
,1[_P=360
G- e00980665

CALCULATIONS

HTOT=MPAYLD*EXP¢GV/KXSP*G)}
IIt:UEL=MTOT-HPAYLD



PHOBOS10 LIqOSS
PHOBO$TD IqAR$
MARS TO LIqoss
LIqoss TO PHOi_OS
IqARS TO PItOBOS
LIqOSS TO IqJtRS
MOON TO LF'CSS
LF-OS$ TO tNCOk

o127239E,_01 KIq/SEC
o1341301:'_ 01 KIqlSE£

o801104[-01 KIq/SEC
e12"/239[_01 KIqlSEC
.1341301E÷01 KM/SE£
• bOllO41E-01 KR/SFC
.389q.87F'÷01 KIq/ScC
o389q87E+ 01 KRIS[C

.867839E+1) 5 KG
• ,924365E+05 KG
oQ59021[+Oq KG
.867839[*.05 KG
.924365[_05 K6
eq59021[÷Oq KS

e402783E_OG KG
,,402783[*08 K8

I
I
I

I
I
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I
I

I
I

I
I

I
I
I
I

I
I

I



THREE-BODY ANALYSIS USED TO DETERMINE THE ACCELERATIONS

ALONG THE X, Y, AND Z - AXES

This program called Axes uses the three-body equations of motion to compute

I the accelerations along the X, Y, end Z - axes defined In Fig. 3.1. The program

Initially finds the position vector of the points with respect to Phobos. Then

I the two position vectors of the center of Phobos and the center of Mars with

i respect to the point ts found. Using these two vectors the acceleration
component due to each body is computed (this includes the centripetal

I acceleration component). All accelerations are then added vectorlally. Finally

the components of the acceleration toward the center of Phobos and tangential

I to Phobos are computed.

I The input and output units ere metric. Kilometers are used instead of meters

for all values except the output acceleration values which are in m/sac 2. The

I output Positions are from the point to the center of Phobos. (They are the

i negative of the position vector of the point with respect to Phobos.) The
Accelerations ere the acceleration vectors with respect to the Phobos

I coordinate system. The Total Acceleration value is the magnitude of the

acceleration vector. The Normal Component is magnitude of the

I acceleration toward the center of Phobos. The Tangential Component is the

acceleration perpendicular to the normal component.
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C
C
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C
C

£
£

(
£

C

C

1G
C
C

£

C

23
£
C

PROGRAR AXES (1RPU]eOUTPUTeTJPE 5= INPUT oTAPE 6=OUTPUT)

_ZMEINSIOIV XPl(82),_Pl(82)oZPl(82)eXP2(82)oYP2(82)tZP2(82)e
,*XP3 ( 82)g TP_ (82) oZP3( 82 ) •

*x_l(82)•Y_l(82) eZHl(82)IXR2(82)ITH2(82)tZH2(82)•
tXP.3(82)• YH3(82)IZR3(82) •
,*FX TCTl(82)tFYTOTl(82) tFZTOTl(82) IFXTOT2 (82) eFTTOT2 (82) •FZTOT2(82) •
,*FX] 013 (82) •FYTO13 (82) •FZTOT3 ( 82 ) •

,_FTOTl(82 ) =FTOT2 (82) •FTCT3 (82) •
tF CO RP 1 (82) • FCORP2 ( 82 ) •FC OPIP ] (82) •
,_FTAN 1 (82) oF TAIl2 (82) IF |AN3 (82)

OUTPUT POSITIONS ARE 11HE NEGATIVE OF THE POSZTONS RELATIVE
TO PHOTOS AND ARE IN KM

THE OUTPUT ACCELERATIONS ARE ZL R/SEC2

REAL RIIASS sRR nlICON •NORP, AL

INPUT VARIABLES
A=13.5
_=10.7

C=_.L
PHHAS_:9.8E1_
lqMASS=6 °4G['23
G='-.,,, (=7_- 17
R=_378

DETERMINE X POINT_
1=1

_0 10o, K=3140
PLUS X

XPI(I)=X

YPI(1)=O.O
ZPI(I)=O.O

I"XZIMU2 X
XP1( I_413=-X
YP1( 1_qI)-0.0
ZFZ ( 1¢41)=0.
1--1-I

CONTINUE

DETERMINE Y POINTS
1=1
O0 20j N=O•40

¥=E_N*O.25
PLUS Y

XP2(Z)=O.O
YP2(1)=Y
ZP2(1)=O°O
HZNUS Y
XP2(1+41)=0°6
YP2(1"41)=-I
ZP2(1-41)=0.C
I=I'3

COU/INU[

DETERRINE Z POINTS

1=1

DO 30= N=O•40

I
I

I

I
I
I

I

I
I
I

I

I
I

I
I
I

I
'1



C

C

(
C

£
(

C

£

C
C

C

IE
£

£
C;

2=C4Nt0o25
PLU_ Z

XP_(/)=0.0
YP_iI)=0=D
ZP3II)=Z
NIfiUS Z
XP3(1_ql)=9.O
YP3(1_41)=0oC
ZP_(l_41)=-Z

I=141
CONTINUE

PHOBOS I0

PHRX:9_78
PHMY=0.O
PHKZ=0.0

IqARS VECTOR

PO:NT TO PHOTOS

_O 60_ I=1182
XPIII)=-XPI(Z)
YPII1)=-YPI(I)

ZPI¢!)=-ZPI(1)

V[CTORS

XF2Ii)=-XF2(1)
YP2{2)=-YP2(I)
2P_(1)=-ZP2(1)

XP3(Z)=-XP3(I)
YP3(Z)=-YP3(1)

ZP_(1):-ZP_(I)
_ONTINUE

POIN1 TO M_RS VECTORS

CO 90m 1=1s82
XMltl)=XPI(I)4PHMX
YH_t!)=YPI(1)4PH_Y
2Mltl)=ZPI(I)4PH_Z

XM2{1)=XP2(I
YH2(1)=YP2(I

ZH_(1)=ZP2(]

)_PHM1
)*PH_Y

)4PHHZ

XM3(I)=XP3(I)4PH_X
YM_(1):YP3IZ)4PHMY

ZH311)=ZP3(I)_PHHZ
CON|INUE

COHPUIE CENIRIPETAL A£CELE_AIIOh

OHEGA=ISORT(E*HMA$S/K))/R
NORMAL:-ReOREGA**2

COIIPONENT

£OHPUT[ ACCELERATZON$

DO 120, I=1t82
PHR=$GRTIXPl(I)**24YP1(I)te2*ZPl(I)**2)
MR=SGRT(XK1 (I)*-2_ ¥M1(I) **2+ZHI(I)*'2)

PHCON=GtPH_AS_/FHR**_
flCON=G*fl_ASS/RR**_
FXP=PHCON-XPI(I)
FYP=PHCOK_YPI(1)
FZP=PHCON_ZPI(I)
FX_:_CON-JURI(I)

FY_=RCON-YHI¢I)



(_

C

120
f.;
1E

200

2,_5

21:

22[

23-,

FZR:MCON., ZM 1 ( I )

F X 1 C 11 (]) =F XP *F XR.e.NORR AL
FITGlI (I) =FYP,_FYR
F ZTO T[ ( I ) =FZP eFZ_.
FTOTI(I)=SGRT(FXTOTI(I)t-2*FYTOTI(1)*e2÷FZTOTI (])**2)
E;=XP1 (])*FXTGTI(I)*YP[(T)_FYTOTI(I)*ZPI([)*FZTOTI(Z)

P =SGR T (XP 1(I) =*2*YPI(I) **2÷ZpX ( 1 ) **2)
FCOHP1 (I) =OIP
FTANI(Z)=SQRT (FTCTI¢I)**2-FCORPI(Z)**2)

PHR=SQRT (XP2 ¢ I)*e2*YP2([) *o24.ZP2 (I)*o2)
RR=SQR T(xIq2 ( I )it2÷ ¥N2( 1 ) e e2.t'Z H2 ( I ). o2 )

PHCON=G=PHRAS SIPHR**3
MCON:G*RNASSIRR**3
FXP=PHCON'IIP2(I)
F ¥P=PHCON* ¥P2 ( [ )
FZP=PHCON'IZP2 (I)

F XH=MCON *XM2( I )
FYR=RCON =TH2 (I)
FZR=RCON*ZM2(1)

F XT 012 ( [ ) =FXP eFXR'e'NORR AL
F YIOT2 (I) =FYP.tFY_
FZ10]2 (I)=FZP*FZ_
FTC12(I) :SQRT (FXTOT2( I)e'm2*FYTQT2(I)**2*FZTOT2 (1)*='2)

=]IP£ (I}*FXTQT2(5)÷VP2( I)*t'YTOT2 ( I)÷ZP2(] )*FZTOT2(I)
P=SQRT (XP2(I)*tZ÷YP2(I)**2*ZF'2(I)*t2)

FCOP.P_ (!) =OIP
F TANZ (I) =SGRT (FTOT2 ( 1 ) * ,m,__-FCOHP2 ( I ) ,m..2 )

PHR=SGRT(XP3 (I)*'2*YP3( I)*"2÷ZP3 (I)**2)
MR=SGRTtXR_(])**2÷Ylq_(I)**2+ZM3(I)**2)
PHCON=G *p I_ A_ SIPPR * *3
_$C0 N =G =HHASs/lqR* *3
FXP=PHCONiXP3(Z)
F YP=PHCOI_ • IP3 (I)
FZP-PHCON'ZP_(Z)

F XM =lq CON *XH3 ( 1 )
F YR=MCO._ *YIq_ ( I )
F ZM = MCO,'i "2M 3 ( I )
FXTQT_ (I } =FXP _FXM*INORM,AL
F YTQT3(I)=FYP*FY_

FZ1 OT_ ( I ) =FZP *FZR
FTOT] (I)-$GRT(FXTO]3(Z) **2*FTTOT3(I)*t2*FZTOT3(Z)*=2)

0 =XP](I) *FXTOT3 ( I )*YP3(1) =FYTOT5 ( I)*ZP3(I)tFZTOT3 (I)
P=$QR T (XF 3 ( 1 ) **2"PYP3 ( 1 ) * * 2*ZP 3 ( 1 ) *'2)
FCORP3(I) =DIP
FTAN_(I) =SGRT (FTOT _(1)**2-FCONP3(I)**2 )

£ONTINU£

PRINT OUT DaTA
OO 140o 1=1e82

IF ¢Io£G.1) NRITE (6e200)
FORRAT (IleeePLANE 1- PLUS X t)
IF (1,.EG,,42) MRZTE (b)20._)
FORRA]
WRZT--
FORt_,AT
_KIT_

FORIqJI ]

MRITE
FORE,IT
WRITE

¢'le,IpLANE 1 - MINUS X I)
(_1210) XPI(I),YP1 (I)tZPI(I)

(m Q t oIPOSITICh meTlOmE12.&,T251r12 o&IT_ 0 tE12°6)
(_m 220) FXTOT1 (I) tFYIOTI(]) tFZTOTI(1)

(eA£CFL e mTlO_E12°6mT2_ mE12,,GtT40mE12.E)
(_,230) FTOTI(!)

(_|OTAL ACCEL_T15m--__12° _,)
(&_235) FCOIqPI(1)

l

I

I
I

I
I
I

I
I

I
I

I

I
I
I

I
I

I



I
I

I
I

I

I
I
I

l
I

I

I
I

I
I

I
I

235

2_"/
140

(

24O

245

25a

260

27O

275

277

1_0
C

2e3

2e5

300

315

3.1'7

1E, O
(

FORI_.AT (vkORR COMPttT15¢[12,6)
WRITE (6e237) FTANI(Z)
FORMAT (ITAk COIqPteT15tE12,G)

COI_TINUF

DO 150_ 1=1t82
IF (I°E(_°Z) WRITE (_1240)
FORIqAT ('It,'PLANE 2 - PLUS Y')

IF (I.EGo42) WRITE (6s2451
FORMAT (eleotPLANE 2 - HINUS ye)

URTT_. (/)s250) XP2(I)sYP2II)tZP2(Z)

FQRI4JT (_ Oee °POSITION. tTlOm[12°6 eT25t[12°6tT40 tE12°G)
WRITE ¢61260) FXIOT2(Z)sFYTOT2(Z)tFZTOT2(Z)

FORHJT (OACCFLOsTICmE12.6tT25e[12o6eT40;E12°_,)
MRITE. (6e27n) FTOT2(I)
FORMAT (°TOTAL ACCFLtt]lSe[12.6)
MRIT[ (6e275) FCOMP2(I)

FORflAT ('iORlq CORPtiT15eE12°6)
WRIT[: (0t277) FTAN2(1)

FORflJ_T (OTAN COMPetl[15e[12.6)
CONTINUE

_0 1_-0._ 1"1t82
1F (1,E_.1) WRITE (E,_280)
FORIqAT ('I"ItPLAK [- 1 - PLUS Zº)

IF (I.[U.42) W_.ITE ((t_-85)
FORMAT (tlltePLAN__ 2 - MINUS Z o)

WRIT_ (&1290) XP3(I)IYP3(I)wZP3(I)

FORP.AT ('OttePO$1IIO_teTlOoZ12.&gT25tE12°6tT401E12.6)
MRIT_ {6s300) FXTOT3(I)gFYTQT3(I)tFZTOT3(I)
FORMAT ('ACCELttTIG_-12°_sT2_.E12._.TAG_12._)
WRZTZ K6,310) FTOT3(Z)

FORMAT ('TOTAL ACCEL'oTl._e;'12.6)
WRITE (b.315) FCOMP3(I)
FOR/_AT ('NORlq COHP_Tl_t_12t_)
WRIT_- (_s-_17) FTAN3(1)
FOR_,eT (_TAR COPlPttT15sEt2o&)

CONTII_U_



TWO-BODY ANALYSIS USED TO DETERMINE THE ACCELERATIONS ALONG

THE X, Y, AND Z - AXES

This program called Axes uses the two-body equations of motion to compute

the accelerations due to Phobos only. The points for which the accelerations

are computed are along the X, Y, and Z - axes and are defined in Fig. 3.1. The

program initially finds the position vector of the points with respect to

Phobos. Then the position vector of the center of Phobos with respect to the

point is found. Using this vector the acceleration component due to Phobos only

is computed (this does not include the centripetal acceleration component due

to the orbit about Mars).

The input and output units are in metric units. Kilometers are used instead of

meters for ail values except the output acceleration values which are in

m/sac 2. The output Positions are from the point to the center of Phobos.

(They are the negative of the position vector with respect to Phobos.) The

Total Acceleration valueis the magnitude of the accelerationvector.
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I
I

I
I
I

I
I

I
I
I

I

I
I

I
I

i

I
I
I

C

C
C

C
C
C

C
C

C
C

C

C

ZO
C
C

C

C

2O
C

C

C

C

P_OGRAP, AXe-S2 (INPUTtOUTPUTt]APE 5-ZNPUTsTAPE 6=OUTPUT)

DL MENSJ[ON XPZ (82) s YPZ (82) tZPl(82) t XP2 (82) t YP2 (82) t ZP2(82) t
tXP 3(82)tYP3(821 tZP3(82 ) •
eFT OT1 (82) tFTOT2 (82) tFTOT3(82)

OUTPUT POSZTZON$ ARE THE NEGAIIYE OF ThE PDSITONS RELATIVE
T_ PHOBO_ AND ARE IN KN

Trl[ OUTPUT ACCELEI_ATIONS /,RE ]k FIISEC2

1NPUT YARIABLES
A:t3.5
B:10.7
C=_.6
P_HASS=9o8E15
G=6.67E-17

DE:rFRMIN[ JK POlhTS
1=1

D3 10_ k=Ot40
PLU.% X
X=A÷I;*Oo 25
XPI(I)=X
,YPI(I)=D.O
ZPI(I)=O.O
I_INU$ X

JKFI( i+41)=-X
•YPI( 1+41)=0.
ZPI ( I+_1 )=Oeb
1=I_1

CONTINUE

D-_ERHIN[ I' POINI_

I:1

DC_ 20t N=O_40

PL US Y

XP2(I)=D.O

_fP2 ( I )=¥
ZP2 (I)=0.0
hINU$ Y
XP2( I+_1 )=0. C_
• P2 (1-¢ 1)=-Y
ZP2(1+41)=0.9

I=1+1
CONTINUE

O';ERHINE Z POIhTS

DO 30t N=Ot40
Z=C+N'_O. 25
PLUS Z
_P3(Z)=O.O

XP3(1)=9.0
ZP3 ( I )=Z
MINUS Z
XP3( l÷_,l)=O.O
•YP3 (I+41)"0, 0
ZP3( I+41)=-Z
,1=I+1

lq-I



3O
C
C

C

C

&O
C
C

C

C

120
C
C

2O0

205

210

23O
140

C

240

245

25O

270

CONTINUE

P_INT TO PHOBOS
60t Z=Jt_2

XPI(I)=-XP1 (I)
_'P1 ( [)=-YP1 ( Z )
2.P1 ( Z)=-ZP1 ( 1 )

VECTORS

XP2(] )=-XP2(Z)
•YP2 (1)=-YP2 (1)
ZP2 (I)=-ZP2 (1)

XP3(I)=-XP3(1)
3rP3( ])=-YP3 ( 1 )
ZP3 ( 1)=-ZP3 ( I )

CONIINUE

CONPUTE ACCELERATIONS
DO 120t ]=1t82

PltR =SQR T (XP 1 ( 1 ) * * 2÷YPI(1) **2÷ZP 1 ( 1 ) * *2)
PHCON=G* PHNASS/PHR** 3
FXP=PHCON*XPI(])
FYP "-PHCOe,*Y P1 ( I )
FZP=PHCON*ZPI(I)
FTOTI(Z)=S_tRT (FXP**2÷FYP**2÷FZP**2)

PHR=S_RT(XP2 ( I)**2÷YP2(1)*'2+ZP2(1)*'2)
Pt_COk=G*PIiMASS/PHR** 3
FXP" PHCOt,*X P_.( I )
FYP-PHC0_'YPZ (1)

FZP-PHCON*ZP2 (I)

FIOT2(I)=SQKT (FXP**2+FYP**2÷FZP**2)

PHR=SQRT(XP3(I)**2*YP3(I)**2÷ZP3(I)**2)
PHCON=b*PhM A$S/PHR** 3
FXP=PHCON*XP3 (1)
FYP=PHCO_*YP3 (I)
FZP=PHCON*ZP3 (1)

FTOT3(1):StRT (FXP**2÷FYP*e2+FZP**2)

CO/_T 1NUE

P_INT OUT CATA

Db lqOt I=il82
IF (I.E_.l) ;RITE (6t200)
FORMAT ('1'•'PLANE 1- PLUS X')
ZF (I.EO.42) MRITE (&o205)

FORMAT ('lit'PLANE 1 - RINUS )t')
k/RITE (6t210) XPI(1)oYPJ(].)gZP)(I)

FORMAT ('0 et'PoSZTIONttTlOtE12.OtT25tE12"SeT40tE12"6)
idRZTE (6.230) FTOTI(])

FORMAT (ITOTAL ACCFLOtT159EI2°6)
CONTINUE

DO 150_ 1:1t82
IF (I.E(i.1) k_RITE (6_24_0)
FOF, MAT (II't'PLANE 2 - PLUS ¥t)
IF (I.EQ.42) IdRITE (6t245)

FORMAT (II't'PLANE 2 - RINUS Y')
IdRITE (6t250) XP2(1)tYP2(I)tZP2(2)

FORMAT (IC'•'POSITION'tTlOtE12.,6•T25•E12.6•T40tE12.6)
MRITE (6t270) FTOT2(I)
FORMAT ('TOTAL ACCEL'•115•IF12.6)
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150
C

2E_D

285

290

310
160

C

C_TINUE

D:) 160t ]=1p82
IF (I.Eg.1) kRITE (&t28P)
FORMAT ('11t_PLANE I - PLUS Z I)

.IF (I.E_.42) WRITE (6t285)

FORMAT (eltlIPLANE 2 -MINUS Z I)
J,IRITE (6_290) XP3(I)tYP3(I)_ZP3(I)
FOKKAT (eOItIPOSITIONIellOeE12o6t]25eE12"&_T409E12°6)

kIKITE (&_310) FTOT3(1)
FORMAT (ITOlrAL ACCELItT15tE12.6")

CONTINUE

A-I_]- 3



THREE-BODY ANALYSIS USED TO DETERMINE THE ACCELERATIONS IN

FOUR PLANES

This program called Axes uses the three-body equations of motion to compute

the accelerations in the planes defined In Ftg. 3_. The program Initially finds

the position vector of the points with respect to Phobos. Then the two position

vectors of the center of Phobos and the center of Mars with respect to the point

ts found. Using these two vectors the acceleration component due to each body

is computed (this includes the centripetal acceleration component). All

accelerations are then added vectorlally.

The input end output units ore metric. Kilometers ore used instead of meters

for all values except the output acceleration values which are in miser 2. The

plane numbers ore defined the same way as in Fig. ;3.2. The output Posit/on5

are from the point to the center of Phobos. (They are the negative of the

position vector with respect to Phobos.) The Accelerations ore tile

acceleration vectors with respect to the Phobos coordinate system. The rotai

Acceleration values is the magnitude of the acceleration vector.
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C

C

C
C
C
C
C

C

C

C
C

10
C

C

2O
C
C

P_OG_AH PLANES (I_PUTtOUIPUltTAPE 5=INPUTsIAPE 5:OUTPUT)

DIM['N$ION XPI(56)IYPl(56)tZPl(56)tXP2(q2)tYP2(q2),ZP2(q2)t

*XP3(3;)tYP3(34) tZP3(3q)tXPq(3q)tVP4(34)tZPq(34) t
*XV, 1(56) tYHl(56) tZMl(56) tXM2 (42)tYM2(42) tZH2 (42) t
*Xq3(34)tYM3(34) tZM3(34)tXM4 (34)tVM4(34)eZN4(34) 9
*F_30]1(56) IFYTO|1(56)tFZTOT l(56)tFXTOT2(42) tfYTOT2 (42) tFZTOT2(42)•
*FXROT3 (34) tFYTOT3(34)eFZTO]3(34)eFXTOT4(34) tFV|OT4(34),FZTO]q(34) t
*F!011(56) •i:70112(42) •FTOT3(34)tFTOT4(34)

OUTPUT PO$1TZOkS ARE THE NEGATIVE OF THE POSITONS RIrLATZ¥Ir
T3 PHObO$ AND ARE IN KN

TrJt[ OUIPU] ACCELERATIONS ARE IN M1$[C2

R_tL MI_ASSeRR tlICON•NORHAL

LMPUT VAP, I AISLES

A:J3,5
B:-10.7
C=9o6
P_HASS:9.8._I 5
RqA$S=6.q6E23

E,=6o67r-I 7

R"9378

D_;EkEINE PGINTS IN PLANE 1

I= 1

D3 IOt N=lt2_

X=N-14.5

XPI(I)=X
_PI(I)=O.G
ZPI(I)=$&RT(C**2*(1-X**2/A**2))

l:I*l
IPI(I)=X
IPI(I):O-O

/PI(II=-S_RT(C**2*(1-X**ilA**2))
l=i*l

C3NIINUE

DZ_ER_INE POINIS IN PLANE 2
I=1
DO 20t N=lt21

3=N-11o7
XP2(I)=O.O
XP2(1)=¥
ZP2(I)=S_RT(C**2*(1-¥**2/6**2))
i=Iel

XP2¢Z)=O.O
3P2(I)=¥
ZP2(1)=-SQRT(C**2*(I-Y**21B**2))
l:I+l

CI)_IlNUE

DiIERMINE POINTS IN PLANES 3 _ND 4
I:1
XL.IMIT:SQRT(A**2*B**2/(A**2+B**2))

CO 30t _=1t17
_=N-(I÷XLIMIT)
XP3(I)=X
SP3(1)=X



30
C
C

C
C

,q.G

C

5C
C

6O

C
C

"10
C

80
C

90

XPq ( I )=X
_YP4 (I)=-X

ZP3 ( Z )=$OKT (C**2- (1- X** 2 / At* 2-X*-2/B**2) )
ZP4 (I)=ZP3(I)
Z=I÷I
.XP3 ( I )=X
_fP3 ( I )=X
,,lip _ ( I )=X
.YP4(1)=-X

;[P 3 ( I ) =-SORT ( C** 2* ( 1 -X** 2/A* * 2-X** 21B*'2) )
ZP4 (I)=ZP3(I)
_=I_1

CONTINUE

P_ OBO$ TO
PHM,I(=9378
PrltRY = O ,,,0
PmlqZ = 0 ,, O

MARS tlECTOR

POINT 10 PHOBOS VECTORS
DO 40t I=1t56

.XF1 (I)=-XPI(I)
.YP I(I)=-YF1 (l)
ZPI(1)=-ZPI(I )

CONTINUE

D3 50t I=It42
XP2 (I}:-XP2 (l)

3P2(1):-YF2 (I)

ZP2 (I)=-ZF':" (I)

CONTINUE

DD 60t I=1t34
XP3 (i)=-XP3 (])
=¥P3(I)=-YP3 (I)
ZP3 (I)=-ZP3 (I)

XFq.(I)=-XP4 (l)
-YP4 ( .I )=-YP4 ( I )
;'F4(i)=-ZFq(I)

CDNIINUE

P_ZhT 10 MARS VECTORS

DO 70t 1:1t56

XNI(1):XPI(1)¢PHMX

_MI(I)=YPI(I)-PHMY

Z_I(I)=ZPI(I)_PHMZ
CONIINUE

D3 80t I=1142
JiM2 ( I ):XP2 (I) +PHMX
ZK2 ( I )=YP2 (I) _PHMY

i[R2 ( I )=ZP2 ( I ) _PHHZ
CONTI%UE

CO 90t 1=1t34
XR3(I):XP3(I)+PHMX
_R3(I)=YP3(I)+PHMY
2M3(I)=ZP3(I)+PHMZ

XRQ(I)=_PQ(I)_PHMX
XM4(I)=YP4(1)_PHMY
ZM4(1)=ZP4(I)_PHHZ

CONIlNbE
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I
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C
C

C
C

IO0
C

110
C

120
C

CENTP-,IPETAL ACCF..LERATION COMPONENT
OIl,IF GA=( S&RT ¢ G *HH A S$/R ) ) JR
NOR, K AL=-R,*OH[ GAit2

CD IqPUT[ ACCELERATIONS

DO lOOt I=1t56
PHR= Sr_ T (XP 1 ( I ) **2÷YP1 ( 1 ) *-24ZP 1 ( I ) *-2)
MR=$GRT ( X_I (I)**2-YN 1( I )* -24 Zlql ( I ) *'2)
PHCON=S*PhH AS $1PdR** 3

ttCON=G*MKASS/HR**3
FXP=PHCON* XP 1 ( I )
FVP=PHCON*VP 1 ( 1 )
FZP=PHCON*ZPI (I)
F XR=RCON*XH 1 (I)
FYM =i_CON *YM 1 ( ] )

F,ZM=NCON*ZR 1 ( 1 )
FXTOTI(I )=F)tP_FXH+NORMA L
FYTO TI( I )=FYP4FYH
FZ¥O] 1 ( .I[ ) =F ZP _FZM
F.T OT 1 (]) =$1;k] (FJ(TOT1 ( I)**2+FYTOTI(I)**2_'FZTO|I(I) *'2)

C_NTINUE

D_ 1101 1=1t42
J)Hk=SGKTtXP2(1)•*2÷YP2(1)*-24ZP2(])*-2)
_R=SGRT(Xh2 (I)*•2_¥H2(I)**2+Z_2(I)**2)
PHCOk=G*PHHAS$1PHR** 3
HCON =b* MHAS $1 Hk* *3
FX P=PltCO_,* X P; (I)
FYP=PHCO!_*YPZ ( ] )

F2P=PHCON*ZP2 (1)
FXH=I'_GON*XH2 ( I )
FY_ =1_CON "YK2 ( I )
FZH=IqcoN *ZH2 ( I )
FXlO12(I)--FXP4FXIq4NORMAL
FYTO]2(I)=FYP*FYM
FZTUT2(1)=FZP+FZH
F]O]2 (Z)=$G,R] (FXTOT2 (I)**2*FYTOT2(I)**2+FZTO;2(1)**2)

_h'_ INL/E

D_ 120g 1=2_34
PHR=SQkT (XP3 ( 1)*-2÷YP3( 1)*-24ZP3(I )*-2)

IqR=S (_T ( XM3 ( I )** 2+YN 3 ( 1 ) • -24ZN3 ( I ) **2 )
PJiCON=6* PhMAS$/P_R*• 3
_ICON=G*H/qA$$/RR**3
fi)tP-PHCON* XP3 ( 1 )
FYP=PNCON*YP3 (1)

FZ P =PHCO N* ZP3 ( I )
FXM=I4CON*XM3 (I)

RYIq=lqCON *YR3 ( 1 )
F.Z I_=HCON *ZN 3 ( I )

RXTO T3( I )=FXP_FXM_NORNA L
_¥TO T3( I )=F YP*FYH
FZ TO T3 ( I ) =F ZP 4FZIq
J:TOT3(I)"SQR1 (FXTOT3(I)**2*F¥]OT3(I)**2÷FZTOT3(Z)**2)

CONTINU[

D_ 130o I=1_34
PHk=SGRT(XP_(I)**2*YP_(1)**2*ZP_(1)**2)

_R=SGR1(X_4(I)**24YM_(I)**2*Z_4(I)**2)
PHCON=8*P_hA$S/PNR**3
_CON=_•MHASS/_R**3



130
C
C

200

210

22O

23_
140

C

24C

25O

2(:,O

270

150
C

280

290

300

160
C

320

330

340

350

17G
C

EXP=PHCON*XP4(I)
F YP=PHCON*YP*, ( I )
FZP=PHCOI_*ZP_ ( 1 )
FXM"MCON*XM4 ( I )
FYM=HCON*YI_ ( 1 )

FZh=MCON*ZM4 ¢ 1)
FXTOT4(I)=FXP4FXM'_NORMAL
[YTOT_(Z)-FYP_FYM
EZTOT4(I)=FZP*FZM
FTOT4 (I)=$QRI (FXIOT4 (I)**2÷FYTOT4 (I)**2÷FZTOT4(I)**2}

CONIINUE

PRINT OUT DAIA

¼TILE (6t200)
FDRI_AT (ell°°PLANE 1 =)
D9 140• I=1t56

NRITE (61210) XPI(I),YPI¢I)_ZPI(I)
FORMAT (eOs_,POSITIONe,TlO,E12.&eT25eE12.&_T40oE12.&)
MRIT[ ¢61220) FXTOTI(I)tFYTOII(I)eFZ]OTI(1)
FORMAT ('ACCZL' t TlOe E12.6 sT25tE12.&_T40 t El2°&)
_RITE ¢6e230) FTOTI(I)
FORmAl ('10TAL ACCEL'tT15oE12.6)

C.'}NTINbE

W_ITE (652q0)

F3KMAT (°I'o'PLANE

D_ 150, I=I$42

NRIIE

fORMAT

WRITE
FORMAT

WRITE

FORMAT

CONTINUE

2')

(bt2bC) XP2(I) tYP2 ( ])t ZP2(I)
(.&. _ °pOSITION, e TIOtE 12.&_T25eE12.&_T40tE12o&)

¢&1260) FXTOT2(I)tFYTOT2(I)tFZIOT2(I)
('ACCELI_TtOt [12.6tI25,E12.61 T4OtEl2.&)

(6t270) F1012(1)

¢ _IOTAL ACCEL' iT15 tell-&)

wRiTE (6g 2_-O)

FDRMAT ('I'otPLANE 3')
Du 16_j I=ll3q

IdRITE (_290) XP3(I)tYP3(I)tZP3(I)
FORF_AT (' C' t IFO$ITIONe_ TIC.E 12.6tT25 _E12.,_ I40eE12.,6}

WRITE (b_300) FXTOT3(I),FYTOT3(1)tFZTOT3(I)
FORMAT ( mACC£L, _ TIGER12°6 _125mE12°6,T40eE12.&)
]dRITE (&_310) FlOT3(I)
FORMAT (eIOIAL ACCFLm_T15,E12.&)

CONTINUE

bJKITE ¢6_320)
FORMAT (=I=t'PLANE 4')
DO 170, I=1,34

IdRITE (6s330) XP4(I),YP_(I)_ZP4(I)
FORMAT ('OrtwPO$ITION'tT10tE12-6tT25_E12°6tT40tE12e6)
MRITE (6e340) FXTOTq(I)_FYTO]4(I)_FZTOTq(I)

FORMAT ('ACCEL_, TIO, E12 °6eT25_E12°6_ T40_E12°6)
JdRITE (&_350) FTOT4(Z)
FOI_AT ('IOTAL ACCELe_T15,E12-6)

CONT INL)[
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APPt:'NDIX IB - ACRONYHK



ACRONYMS

AI - Artificial Intelligence

AM - Application Module

EVA - Extra Vehicular Activity

FV - Flying Vehicle

JSC - Johnson Space Center in Houston

LEO - Low Earth Orbit

LEOSS- Low Earth Orbit Space Station

LIL-TLEV - Lunar International Laboratory-Translunar Exploration Vehicle

LMO - Low Mars Orbit

LMOSS- Low Mars Orbit Space Station

LSM

MLV

MMU -

MRMS -

NASA -

PC -

PDR -

PPPM -

RPV

REM

RFP

RMPM -

RMS -

SBVM -

- Linear Synchronous Motors

- Magnetic Levitation Vehicle

Manned Maneuvering Unit

Mobile Remote Manipulating System

National Aeronautics and Space Administration

Personal Computer

Preliminary Design Review

PMmary Power Plant Module

- Remote Placement Vehicle

- Roentgen-Equi valent-Man

- Request For Proposal

Raw Material Processing Module

Remote Manipulating System

Storage/Base Vehicle Module

BI



SHHM - Safe Haven/HabitationModule

SM - System Module

SSAS - Small Scale Anchor System

SSU

TSS

UT

- Space Scooter Unit

- Texas Spece Systems

- University of Texas at Austin

B2
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